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Abstract
Next Generation of Applications of Metal-Organic Frameworks for Energy
and Environmental Sustainability
Qian Liu
Metal-organic frameworks (MOFs) are a novel class of crystalline materials formed by
linking metals containing units with organic linkers through strong bonds (reticular synthesis). The
combination of inorganic and organic components endows MOFs with diversity in geometry,
topology, and functionality. The specific uniformity of MOFs as resulted from their tight synthesis
conditions and controllable pore size and structure characteristics allow for functionalization with
different analytes, thus resulting in the formation of MOF-based composites with applications
ranging from sensors, to catalysis to medicine.
My PhD work aimed at using MOFs for mitigating the environmental issues and energy
crisis associated with anthropogenic activities. Specifically, we developed robust platforms and/
or systems using MOF as “scaffolds” to allow for model pollutant detection and CO2 sequestration
and benign transformation respectively.
In this dissertation I will introduce how photocatalytic properties of 2,5-furandicarbocylic
acid (FDCA) in its alone and its MOF- integrated form (MIL-160) were used for the first time for
the reduction of Ag+ at room conditions. I will also show that such photocatalytic activities could
then be used for the formation of user-designed hybrids (i.e., Ag/MIL-160) with controlled
morphologies to allow construction of sensorial platforms for prevalent phenol (p-NP)
contaminant detection. This new detection method is envisioned to permit effective control and
regulation of p-NP release (a product of industrial waste with known carcinogenic activity), all
under low-cost and environmentally friendly conditions.
I will next detail how a green strategy based on carbonic anhydrase (CA) enzyme could be
used for CO2 transformation in synthetic environment. Specifically, I will emphasize how we are
the first to demonstrate the feasibility of MOFs for CAs’ immobilization on both hydrophilic-MIL160 and hydrophobic-ZIF-8 frameworks. Our results showed that enzyme functionality was
dependent on the support’s characteristics, with MIL-160 revealing promising advantages for CA
enhanced activity and stability. Furthermore, we extended such analysis to possible industrial
implementation of the CA-MOF approach; briefly, by developing a membrane reactor and
considering constant testing under CO2 flow, we show the feasibility of a CA-MOF based novel
membrane for CO2 adsorption and transformation, with possible implementation in enzyme-based
green technologies to mitigate global warming.
The above contributions to the development and integration of knowledge of MOFs for
energy or environmental sustainability are meritorious and transformative and allow for creation
of new pathways for industrial extensions and integration of lab-based demonstrations.
Keywords: Metal-organic Frameworks, sensor, Pollutant detection, Carbonic anhydrase, CO2
capture and conversion
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Chapter 1 Introduction
Metal-Organic Frameworks: An Adaptable Platform for User-Controlled
Applications

Metal-organic frameworks (MOFs) are a novel class of crystalline materials formed by
linking metals containing units with organic linkers through strong bonds (reticular synthesis). The
combination of inorganic and organic components endows MOFs with diversity in geometry,
topology, and functionality.
MOF-synthesis strategies are generally based on user-controlled hydrothermal methods
and room temperature mixing, and are shown to determine a wealth of combinations of organic
and inorganic units as well as their integration through self-assembly, all while taking advantage
of the physical and chemical properties of the individual components. Microwave-assisted
synthesis was also been used and was shown to produce MOFs of reduced sizes and in less
time,7with increased catalytic and adsorption capabilities. The extra energy was the result of
increasing the temperature. Synthesis time was also shown to significantly affect the morphology
and crystal structure of these MOFs. For example, research showed that UiO-66, an MOF made
up of [Zr6O4(OH)4] clusters with 1,4-benzodicarboxylic acid struts and several of its derivatives,
could be synthesized at room temperature, albeit with a high occurrence rate of defects. The
amount of defects could, however, be reduced by increasing the synthesis temperature.
Additionally, when common benzenedicarboxylate was replaced with the 2-aminoterephthalic
acid ligand, the resulting UiO-66-NH2 derivative was shown to possess extra functionalities, such
as enhanced photoactivity and catalytic activity in an aldol condensation reaction, as well as an
increased capability for removing NO2—all relative to its UiO-66 counterpart. It has also been
reported that the composition and porosity of UiO-66 can be tuned by manipulating the individual
modulators used during its synthesis to achieve enhanced gas adsorption18 as well as increased
separation and catalytic activity.
The specific uniformity of MOFs as a result of their tight synthesis conditions as well as
their controllable pore size and structure were shown to allow for encapsulation of different
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analytes, thus resulting in the formation of MOF-based composites. Such composites subsequently
benefited from increased stability while allowing application-specific versatility in catalysis or
biomedicine. Zhang et al., for example, encapsulated uniform NiPt-alloy nanoclusters within the
opening porous channels of MIL-101(Cr) formed through the catalytic dehydrogenation of
hydrazine borane (N2H4BH3) and hydrous hydrazine (N2H4·H2O). The authors showed superior
H2 synthesis and complete H2 evolution (100% H2 selectivity). Morris et al. created a new and
modular class of nanostructures for nucleic acid-based assembly strategies. The authors showed
that by using a controlled click reaction between the surface of the lab-synthesized UiO-66-N3 and
specifically designed oligonucleotides, enhanced cellular uptake of the DNA-UiO-66-N3 could be
achieved. Complementarily, Zhang et al. reported on an aptamer-embedded Zr-based MOF
composite for the detection of several analytes, including thrombin, kanamycin, and
carcinoembryonic antigen. Lastly, Chen et al. successfully immobilized insulin in an acid-resistant
crystalline mesoporous MOF (i.e., NU-1000). The authors showed loadings of up to 40% in only
30 min of MOF exposure; it was also revealed that the synthesized MOFs were effective at
preventing the degradation of insulin in the presence of pepsin, a digestive enzyme.

In this thesis I will talk about work that outlines the benefits of using MOFs for specific
different applications.
Briefly, in Chapter 2, I will describe a general trend for using MOFs as sensorial platforms.
In our study, we proposed to create the next generation of hybrid composites based on MOFs
capable to be used as sensorial platforms for contaminant detection. For this, we employed a
hydrophilic MOF named MIL-160 which was lab-synthesized to have controllable morphology
and ultrahigh stability in water and acidic aqueous solutions, as a template for composite formation
upon reduction of Ag+. Composite physical and chemical properties were investigated by scanning
and transmission electron microscopy (SEM and TEM), Fourier transform infrared and X-ray
photoelectron spectroscopy (FTIR and XPS), and X-ray diffraction (XRD). Electrochemical
characterization using cyclic voltammetry (CV) confirmed the formation of Ag-based composites
as well as its capability to detect para-nitrophenol (p-NP), a model contaminant known to be a
byproduct of wide usage for manufacturing of drugs and fungicides or degradation of insecticides,
which showed toxic effects, carcinogenicity and mutagenicity, for both liver and kidney. Our CV
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analysis also showed that electrochemical and sensorial behavior were controlled by the electrode
surface characteristics with the sensitivity and detection limit of an Ag/MIL-160 electrode of 8.852
± 0.528 μA μM -1 and 0.041 μM respectively. Considering the wide usage of p-NP and its increased
discharge, as well as its possible effects on environment and human bodies, we foresee that this
new method could potentially lead to effective control and regulation of p-NP release. Further, we
envision that the ability of our designed platform to detect low concentrations of p-NP contaminant
in solutions could be extended to detection other contaminants of interest.
In Chapter 3, I will introduce how MOFs could be used as the next generation of scaffolds
for enzyme immobilization. I will first describe the general strategies for the combination of MOFs
with enzymes, and then their advantages in retaining and enhancing the functionalities of enzymes
when integrated into different applications. Enzymes are biocatalysts widely studied for
applications from catalysis to industrial manufacturing, to health care. However, the large
implementation of enzymes is currently hindered by their instability in synthetic operational
conditions, short shelf life, and limited applicability for multiproduct formation as a result of their
unique substrate specificity. Enzyme immobilization has offered an alternative and effective
strategy to overcome such restrictions. New materials are however still needed to ensure robust
biocatalysts-based strategies development; such new materials are not only envisioned to allow
maximum enzyme functionality at their interfaces, but further, they should be smartly designed to
support integration and implementation in a variety of synthetic environments.
In Chapter 4, I will talk specifically about our work in user-tailored MOFs can be used as
supports for carbonic anhydrase. Carbonic anhydrase (CA) was previously proposed as a green
alternative for biomineralization of carbon dioxide (CO2). However, enzyme’s fragile nature when
in synthetic environment significantly limits its industrial applications. Herein we hypothesized
that CA immobilization onto flexible and hydrated “bridges” that ensures proton-transfer at their
interfaces leads to improved activity and kinetic behavior and potentially increased enzyme’s
feasibility for industrial implementation. Our hypothesis was formulated considering that water
plays a key role in the CO2 hydration process and acts as both the reactant as well as the ratelimiting step of the reaction in the capture and transformation process. To demonstrate our
hypothesis, two types of user-synthesized organic metallic frameworks (one hydrophilic-MIL-160
and one hydrophobic-ZIF-8) were considered as model supports and their surface characteristics
(i.e., charge, shape, curvature, size etc.) and influence on the immobilized enzyme’s behavior were
3

evaluated. We demonstrated that enzyme functionality is dependent on the support with the
enzyme immobilized onto the MIL-160 retaining 72% activity of the free CA, when compared to
that immobilized onto ZIF-8 that only retained 28% activity. Both CA-MIL-160 and CA-ZIF-8
showed good storage stability relative to the free enzyme in solution, with CA-MIL-160 conjugates
also revealing increased thermal stability and retaining almost all their original enzyme activity
even after heating treatment at 70 °C. In contrast, free CA lost almost half of its original activity
in the same conditions. This present work suggests that MOFs tunable hydration conditions allow
high enzyme activity and stability retention. Our study is expected to impact CO2 storage and
transformation strategies based on CA to thus increase user-integration of enzyme-imposed green
technologies for mitigating global warming.
In Chapter 5, I will talk about extended application of CAs for CO2 benign transformation by
integrating this specific membrane into a user-designed MOF-based membrane system. Current
technologies for CO2 emission mitigation rely on post-combustion CO2 capture and sequestration
or amine-based scrubbing. However, the main drawbacks of such technologies are the high energy
requirements for CO2 desorption, the reduced regeneration of the adsorbent, or, for amine-based
post-combustion CO2 capture emission, the loss of amine functionality. Herein we have extended
our previous work to provide, for the first time, a demonstration of CA efficiency for effective
conversion of CO2 at MOF interfaces using a proof of principle, lab-built bioreactor. Our analysis
not only demonstrated effective control of enzyme functionality through implemented structurefunction relationships at the MOFs interfaces but further, help advance the field of enzyme
catalysis for CO2 adsorption and benign conversion in effective and easily extendable and
implementable system units. Lastly, through our demonstration, we help advance the field of CAbased synthetic implementation by providing pertinent evidence of efficiency at ambient pressures
and temperature thus emphasizing cost-efficiency.
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Chapter 2
Metal–Organic Framework-Based Composite for Photocatalytic Detection of
Prevalent Pollutant (doi.org/10.1021/acsami.9b10438)
Abstract

Photocatalytic properties of 2,5-furandicarbocylic acid (FDCA), a model organic molecule
used for biopolymers production, is reported for the first time. Further integration of FDCA into
metal-organic framework (MOF) structure’ and subsequent silver-based photoactivation leads to
the next generation of hybrids with controlled morphologies, capable to form sensorial platforms
for prevalent phenol contaminant detection. The mechanisms that allow photocatalytic
functionality are driven by the charge carrier generation in the organic molecule (either in its alone
or integrated form) and depend on sample’s physical and chemical properties as confirmed by
scanning and transmission electron microscopy, Fourier transform infrared and X-ray
photoelectron spectroscopy, and X-ray diffraction respectively. Electrochemical analysis using
cyclic voltammetry confirmed high sensitivity for p-nitrophenol (p-NP) detection as dictated by
the selective electron migration at a user-controlled electrode interface. Considering the wide
usage of p-NP and its increased discharge shown to lead to harmful effects on both the environment
and biosystems, this new detection method is envisioned to allow effective control and regulation
of p-NP release, all under low-cost and environmentally friendly conditions.

Keywords: Metal-Organic Framework (MOF), photocatalysis, nanoparticles, pnitrophenol (p-NP), sensor
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2.1 Introduction
Rapid development of nitrophenols (NPs) for production of drugs,1 fungicides,2 and dyes3
or their disposal as byproducts from pesticides degradation,3 has raised both user and
environmental concerns. Their high toxicity,4 inhibitory5 and biorefractory effects6 were shown to
cause carcinogenicity and mutagenicity7 for both liver8 and kidney,9 and led to one of such
compounds (i.e., p-nitrophenol (p-NP)) listing as a priority pollutant.
Highly sensitive methods for detection of p-NP were proposed to help mitigate its potential
deleterious effects. Implemented spectroscopic assays10 showed a p-NP detection limit of 12.0 nM,
while chromatographic methods11 recorded limits of detection as low as 1.15 nM. Complementary,
electrochemical methods based on using a silver (Ag) nanowire-polyaniline composite as an
electrochemical sensor allowed for a detection limit of 52 nM,12 while a reduced graphene oxide
supported Ag nanoparticle-based electrode13 showed a detection limit of only 1.2 nM.
Within the drive to limit the high cost14 and complicated operation15 associated with some
of the above methods to thus provide a simple implementation, fast response and highly sensitive
platform for NP detection, we created the next generation of sensorial detecting electrodes based
on metal-organic framework (MOF)-building block units. For this, we hypothesized that 2, 5furandicarboxylic acid (FDCA) known for its role in “green chemistry” synthesis 16 could be
integrated into the MOF porous crystal material constructed by linking metal node (metal ions or
clusters of Al) through bond coordination.17 The endowed diversity18 of MOFs geometry, topology
and functionality, in addition to their larger surface area, tunable pore structure and ease of
tailoring through their organic moiety was here envisioned to ensure feasibility for integration of
the designed platform and thus extension of the known applications in gas storage, catalysis,19
membrane separation,20, 21 energy generations and storage,22 and biomedicine/pharmaceuticals
synthesis respectively.23-25 These proposed efforts come in the context of previous research that
showed that even though various materials including noble metal nanoparticles,13 metal oxide,26
conductive polymers,27 and carbon materials10 show potential for electrochemical detection of pNP, are limited in their practical implementation by intrinsic drawbacks such as induced secondary
pollution when used as reductive reagents,13, 28 complicated preparation procedures26 or toxic
byproducts release at their utilization.29 Our proposed strategy provides a simple, low-cost and
effective method for sensorial platform formation, all under room temperature synthesis and
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operation conditions, and without any reductive reagent integration. It is foreseen that platform’s
electrochemical sensitivity and detection capability could be extended to other contaminants of
interest either for their effective control or for their potential environmental or user regulation.

2.2 Materials and Methods
2.2.1 Chemicals
Two, 5-furandicarboxylic acid (98%, FDCA, Alfa Aesar), aluminum chloride hexahydrate
(99%, Acros Organics) and sodium formate (98%, Alfa Aesar) were used for MIL-160 synthesis.
Silver nitrate (Acros Organics) was used as Ag+ source in the Ag-containing composite synthesis.
Phosphate-buffered saline (PBS, Thermo Fisher Scientific) pH7.0 was adapted as electrolyte for
all electrochemical measurements. Nafion dispersion (5% w/w in deionized water and 1-propanol
respectively, with both reagents from Thermo Fisher Scientific) was employed for electrode
fabrication. p-nitrophenol (p-NP, 98%, Acros Organics) was used as substrate for electrochemical
detection. Sulfuric acid (H2SO4, ca. 96% solution in water, ACROS Organics) was used for glassy
carbon
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electrode activation. Ethanol (99.5+%, Thermo Fisher Scientific) and nitric acid (67-

70%, Thermo Fisher Scientific) were used to clean the GC electrode. Sodium chloride (99.5%,
ACROS Organics), sodium sulfate (99%, ACROS Organics), sodium nitrate (99.9%, ACROS
Organics), potassium chloride (Extra Pure, ACROS Organics), potassium phosphate tribasic (97%,
ACROS Organics), copper nitrate (99%, Thermo Fisher Scientific), zinc chloride (>95%, Thermo
Fisher Scientific), magnesium chloride hexahydrate (99%,

ACROS Organics), aluminum

chloride, hexahydrate (99%, ACROS Organics), 2-nitrophenol (99%, ACROS Organics), and 3nitrophenol (99%, ACROS Organics) were used for the selectivity experiments. All the chemicals
were commercially available and used without further treatment.

2.2.2 Preparation of MIL-160 Particles
MIL-160 was synthesized using previously established method with modifications.17
Briefly, FDCA (156.09 mg, 1 mmol), aluminum chloride hexahydrate (241.43 mg, 1 mmol) and
sodium formate (340.05 mg, 5 mmol) were dissolved in (15 mL) deionized water to a mole ratio
of 1.0 : 1.0 : 5 : 1000. The reactants were dosed in a Teflon-lined stainless-steel autoclave and
heated to a temperature of 353 K, in an air oven, for 24 h. After hydrothermal treatment and cooling
7

to room temperature, the products were filtered using cellulose filters of grade 1 (Whatman) and
washed intensively with deionized water to remove any of the unreacted species. Subsequently,
the filter paper was dried overnight, at room temperature and the resulting products were removed
and stored in a vacuum chamber again, at room temperature.

2.2.3 Preparation of Ag-containing Composites and Hybrids
Ag/FDCA composites and Ag/MIL-160 hybrids were synthesized using photo reduction
of Ag+ under UV-vis irradiation and at room temperature. Briefly, 0.01g of FDCA or MIL-160
(synthesized as previously described) were immersed in 10 mL 5.0 mM silver nitrate aqueous
solution for 24 h. As produced Ag/MIL-160 and Ag/FDCA samples were separated by
centrifugation at 1000 r/s, for 3 minutes using a lab centrifuge (SORVALL LEGEND X1R,
Thermo Fisher Scientific); subsequently, products were washed with deionized water for three
times each and dried in a vacuum chamber for 24 h. The amount of Ag for the Ag/FDCA
containing composite and Ag/MIL-160 hybrid respectively was evaluated by weighting the dry
samples before and after the Ag deposition.

2.2.4 Precursor, MOF, Composites and Hybrids Characterization
The morphologies of the samples (i.e., FDCA, MIL-160, Ag/FDCA, and Ag/MIL-160
respectively) were evaluated using a Hitachi S-4700 Field Emission Scanning Electron
Microscope
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with a cold filed emission gun operating at 10 kV and 10 µA and a JEM-2100F

Transmission Electron Microscope 10.
The crystallinities of the samples were confirmed by Powder X-ray Diffraction (PXRD)
recorded at room temperature and under ambient conditions and by using a PANalytical X’Pert
Pro X-ray Diffractometer with CuKa radiation operating at 40 kV and 40 mA. Their chemical
compositions were examined by PHI Versa probe 5000 Scanning X-Ray Photoelectron
Spectrometer (XPS, Physical Electronics) with a Mg Ka line as an X-ray source.
A digilab FTS 7000 Fourier Transmission Infrared Spectroscope (FTIR) with an
Attenuated Total Reflectance unit and a diamond crystal were employed to investigate the
chemical characteristics of the samples. Spectra ranging from 750 to 4000 cm-1 were collected
using a Shimadzu 2550.
8

Optical characterization of the samples was carried out using a Shimadzu 2600 UV–vis
Spectrophotometer (PerkinElmer) equipped with an integrated sphere. Transmittance
measurements were recorded in the wavelength range from 200 to 800 nm. The fluorescence
spectra of the samples were recorded on a fluorescence spectrophotometer (Avantes, AvaSpec2048 TEC-USB2-2); fluorescence was induced upon individual sample’ excitation at 350 nm.

2.2.5 Electrode Fabrication
The Glass Carbon (GC) electrode was polished with alumina slurry (0.05 μm),
subsequently cleaned in 1:1 nitric acid solution, 1:1 ethanol solution and deionized water and then
activated by potential cycling between +1 and −1 V in 0.1 M H2SO4. An Ag-based matrixmodified GC electrode was fabricated by dropping 3 μL of a lab-prepared “ink” onto the sensing
area of the electrode (d = 3 mm) and allowing it to dry at room temperature for 24h. Herein the ink
was prepared by mixing 1 ml of 5 mg/ml Ag/MIL-160 hybrid with 10 µL nafion dispersion (5%)
in a volume ratio of 100:1. Subsequently, the electrode was dried at room temperature for 24 h.

2.2.6 Electrochemical Measurement
All electrochemical measurements were conducted in a three–electrode electrochemical
cell system, at room temperature. For these, the Ag-modified GC electrode was used as a working
electrode, a Pt wire was used as the counter electrode and an Ag/AgCl electrode was used as the
reference electrode. All the electrochemical measurements were performed on a VersaSTAT 3
potentiostat/galvonostat (Princeton Applied Research). Cyclic voltammograms (CV) were
obtained by applying a cycle potential between +1.0 and -1.0 V in 1 mL PBS onto the supporting
electrolyte (pH 7.0) with/without p-NP and at a scan rate of 50 mV/s.

2.2.7 Detection of p-NP
The electrochemical detection of p-NP was conducted using the same three-electrode
electrochemical cell system described above. CV tests were employed to evaluate the sensitivity
and the detection limit of the electrode under different p-NP concentration (i.e., 40, 30, 20, 15, 8,
1, 0.5, and 0.1 µM respectively), all at the scan rate of 50 mV/s.
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2.2.8 Statistical Analysis
All experiments were repeated at least three times for each of the samples. All tables are
presented as the average with (+/-) standard deviation (STDEV) values. All graphs are presented
as the mean value of the number of indicated replicates with (+/-) standard error (SE) bars.

2.3. Results and Discussion
2.3.1 Synthesis of Ag-based Composite
Previous research showed that selected organic molecules have photocatalytic capabilities
under light irradiation. Specifically, 1,4-benzenedicarboxylic acid (known as a precursor for
synthesis of polyethylene terephthalate)30 has showed increased photocatalytic activity towards
phenols degradation when used as a linker capable of ejecting photo-induced electrons under UV
light irradiation.31 Furthermore, its derivative 2-amino-1,4-benzenedicarboxylic acid was used as
a photocatalyst for CO2 reduction32 under both UV and visible light irradiation. Recently,
porphyrins demonstrated their potential for advanced photocatalysis when used as active
components in synthesis of Rh-based metalloporphyrin tetracarboxylic ligand Rh(TCPP)Cl
(TCPP = tetrakis(4-carboxyphenyl)

porphyrin),33

with

application

in

aerobic

organic

transformations. Lastly, 4,4’,4’’-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid was used to construct
the PCN-77 photocatalyst and showed photocatalytic H2 production coupled with selective
oxidation of benzylamine to N-benzylbenzaldimine when a Pt co-catalyst was added, all in the
absence of a sacrificial agent.34 Considering the vast range of applications of organic molecules
for polymers and plastics synthesis, or their integration in synthesis of metal-organic frameworks
(MOFs) used for healthcare applications,35 as well as considering their above listed photoactivity
when in hybrid structures, we hypothesized that modulation of light adsorption characteristics at
MOF interfaces could be used to increase technological yields and expand their performances in
active decontamination areas. We envisioned that a photocatalysis-based mechanism driving by
the charge carriers generation in the organic molecule (either in its alone or structure-integrated
form) will lead to selective electron migration as well as escape electron recombination to generate
highly reactive radicals for improved sample-related detection performance.
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To demonstrate our hypothesis we used 2, 5-furandicarboxylic acid (FDCA; Figure 2.1a
inset) as a model organic molecule known for its role in “green chemistry” and bio-related polymer
production.16 Our rationale was that if changes in the C-OH bond known to be part of the FDCA
structure could be made under light irradiation, it could potentially result in its positively charged
form (i.e., FDC+) of increased reactivity to allow for ease of bonding with negatively charged ions
and hypothesized photocatalytic reactions for contaminant detection. Our rationale was based on
previous research that showed that sulfate radicals (i.e., SO4•−) generated by breaking O−O bond
(HO−SO4−) from peroxymonosulfate (PMS) were shown to exhibit increased reactivity and allow
for implementation in decomposition of hazardous organic compounds found in wastewater.36
Complementary, studies showed photo-redox catalytic generation of N-centered radical ions to
represent a class of reactive species widely applied in C–N bond forming reactions.37
We first tested the reaction of FDCA with silver ions (Ag+) by using a photoreduction
method under UV-vis light irradiation and at room temperature; Ag+ was used as a testing agent
based on its demonstrated capability to be reduced to observable zerovalent Ag, a decontamination
agent. Analysis showed that FDCA immersion in an Ag nitrate solution placed under light
irradiation led to changes in solution’s color, i.e., from white to pink (Supporting Information
Figures S2.1a and b) presumably resulted from the formation of zerovalent Ag, with the recorded
Ag depositing amount being 1.6±0.3 mg. No color change was observed when silver nitrate was
replaced with sodium nitrate solution or when no light irradiation was used.
Resulting Ag/FDCA composite were isolated and characterized by Field Emission
Scanning Electron Microscopy (FESEM) and Transmission Electron Microscopy (TEM); analysis
showed nanoparticles-like conformations (Figure 2.1b and c) onto the FDCA surface (Figure 2.1a).
Elemental composition analysis by Energy Dispersive X-Ray Spectroscopy (EDS) mapping
confirmed the presence of C, O, Ag elements (Supporting Information Figure S2.2), while X-ray
Photoelectron Spectroscopy (XPS) confirmed the incorporation of Ag and its characteristic peaks
of Ag3d3/2 and Ag3d5/2 at 374 and 368 eV respectively (Figures 2.1e and 1e inset). Powder X-Ray
Diffraction (PXRD) characterization (Figure 2.1f) also confirmed the incorporation of Ag as
shown by the presence of new peaks at 38.15˚ and 44.25˚ previously associated with planes (111)
and (200) of Ag face-centered cubic crystals.38 Lastly, Fourier Transform Infrared Spectroscopy
(FTIR) used to investigate chemical composition of the composite (Figure 2.1g) showed that the
FDCA-based chemical structure was preserved even after its reaction with Ag+. Specifically, the
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characteristic peak at 1686 cm-1 previously associated with the C=O bond, peaks at 1572 and 1424
cm-1 assigned to the C=C bond, peaks at 1276 and 1229 cm-1 assigned to the C-O bond and peaks
at 968 and 766 cm-1 assigned to the HC= one respectively39 were conserved. The 1686 cm-1 peak
previously assigned to the C=O bond was however significantly weakened, while peaks assigned
to the C=C bond at 1572 and 1424 cm-1 were shifted toward lower wavelengths.

Figure 2.1. SEM micrographs of FDCA (a) (with the molecular structure shown in Figure
2.1a inset) and Ag/FDCA (b) respectively; TEM micrograph of Ag/FDCA composite (c); EDS
mapping of Ag/FDCA composite; green, purple and red colors identify O, Ag and C elements
respectively (d); XPS spectra (e); XRD (f) and FTIR spectra (g) of FDCA and Ag/FDCA
composite respectively.
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Lastly, the peaks at 1276 and 1229 cm-1 previously associated with the C-O bond were
shifted to higher wavelengths, while the peak at 846 cm-1 assigned to the HC= bonds was split into
two sharp entities. Such peak position shifts was presumably due to the exposure of FDCA to Ag,
in agreement with previous study showing peaks shifts in the FTIR spectra of polymers doped with
Ag nanoparticles, all resulted from the coordination interaction between such nanoparticles and
C=O group and/or N atom in the aromatic ring of the polymer.40

2.3.2 Synthesis of Ag/MIL-160 Hybrid
Considering the large implementation of the FDCA linker in the synthesis of MOFs with
applications in gas adsorption and separation for instance,41 we tested whether the above induced
Ag photocatalytic activity could be transferred to a MOF-based hybrid to thus expand its
application towards contaminant detection. The interest in contaminant detection was motivated
by previous research that showed that contaminants are residual products in the production of a
variety of consumer samples from pharmaceuticals, to synthetic dyes, and pesticides with such
samples having a significant environmental and user-impact.7, 8 MIL-160 was chosen as the model
for MOF synthesis using FDCA because of its known high stability, low-cost and hydrophilicity
properties,18 mild synthesis conditions and biocompatibility,17 as well as its great potential for
large scale application in heat reallocation,18, 42 xylene isomer separation,41 gas adsorption and
separation,41 and biocatalysis respectively.17
MIL-160 was constructed by linking AlO6 cluster with FDCA through coordination bonds
using established hydrothermal method17 with modifications. Synthesized MIL-160 displayed
cubic morphologies with clear edges (Figure 2.2a), with XRD results confirming particle crystal
phase (Supporting Information Figure S2.3). When MIL-160 was exposed to Ag+ under UV-vis
light irradiation and at room temperature, an Ag/MIL-160 hybrid was formed as confirmed by both
sample’s color change (i.e., from white to purple; Supporting Information Figures S2.4a and b)
and changes in the weight of the sample (i.e., Ag depositing amount being 3.6±0.5 mg). As for the
FDCA alone, no color change was observed when control sodium nitrate was added or when no
light irradiation was used.
The morphology of synthesized Ag/MIL-160 hybrid was evaluated by FESEM (Figure
2.2b) and TEM (Figure 2.2c), with MIL-160 MOFs used as controls. SEM analysis confirmed that
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large amounts of Ag nanoparticles were formed onto the hybrid surface while TEM analysis
showed the formation of such Ag nanoparticles on both the surface as well as within the insides of
the MOF.

Figure 2.2. SEM micrograph of MIL-160 (a) and Ag/MIL-160 hybrid (b); TEM
micrograph of Ag/MIL-160 (c); EDS mapping of Ag/MIL-160 with green, red, purple and blue
colors representing the O, C, Ag and Al elements respectively (d); XPS spectra of Ag/MIL-160
hybrid (e); XRD spectra (f) and FTIR spectra (g) of MIL-160 control and Ag/MIL-160 hybrid
respectively.

Elemental analysis confirmed the presence of the C, O, Al and Ag constituting elements
(Figure 2.2d, with corresponding single element mapping shown in Supporting Information Figure
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S2.5). Further, XPS spectra (Figure 2.2e) demonstrated the integration of Ag in the hybrid as
previously shown by the assigned peaks Ag3d3/2 and Ag3d5/2 at 374 and 368 eV respectively
(control MIL-160 is also shown in Supporting Information Figure S2.6). Furthermore, PXRD
characterization (Figure 2.2f) confirmed the formation of Ag nanoparticles, with new peaks being
recorded at 38.15˚ and 44.25˚ and associated with the (111) and (200) planes of the Ag facecentered cubic crystals being formed respectively.38 MIL-160 crystal structure kept intact as shown
by the characteristic peaks at 8.4ᶱ, 9.4ᶱ, 11.98ᶱ, 15.2ᶱ, 18.8ᶱ, 22.8ᶱ and 27ᶱ assigned to the planes
(020), (011), (220), (031), (022), (051), and (502) respectively.17 Lastly, FTIR of control MIL-160
and Ag/MIL-160 hybrid (Figure 2.2g) confirmed that the framework’s chemical composition
maintained well after its reaction with Ag+.

2.3.3 Photoactivity Mechanism and Evaluation
Our results showed reduction of Ag+ to zerovalent Ag with such process not affecting
FDCA linker composition or structure when either by itself or incorporated into a MOF framework
(Scheme 2.1). We propose that in an initial step the C-O bond of FDCA is significantly weakened
(Step 1) and subsequently broken under light irradiation, all while maintaining FDCA furan ring
intact (Figure 2.1 inset). Breaking the C-O bond is expected to lead to a hydroxyl radical (HO•)
formation and result in positively charged molecule (i.e., FDC+). The proposed reaction was
supported by previous study43 showing that polarization in photocatalytic materials can render
enhanced charge separation and produce reactive oxygen species such as hydroxyl radical (HO•)
to improve photocatalytic activity as result of additional oxidative functionality occurrence in the
photocatalytic reaction.44 The reactive FDC+ could then bind to negatively charged ions thus
leading to the reduction of Ag+ to zerovalent Ag (Step 2). Upon FDC+ bonding of one OH- in
solution, regeneration of FDCA is expected to occur (Step 3), with HO• also becoming an active
resource for O2 generation (Step 4). Further FDCA incorporation into MOF structure is expected
to display a similar mechanism, however with additional coordination reactions to be present due
to organic molecule’s integration within the framework with the AlO6.18
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Scheme 2.1. Proposed mechanisms for photoactivity of FDCA in its alone or MOFintegrated form.

The proposed mechanism is supported by both FTIR and XRD analysis that showed that
FDCA and MIL-160 kept intact in both their chemical composition and crystal structures
respectively after reacting with Ag+. The higher level of complexity of the FDCA-related
photoactivity while in MIL-160 is also supported by previous research by A. Cadiau et al.,18 who
emphasized that MIL-160 construction from inorganic Al chains linked via the carboxylate groups
of the FDCA allow for the AlO6 octahedra form cis-corner-sharing chains, with such octahedra to
be surrounded by O atoms from four ligands and by two OH groups respectively.
Our UV-vis Diffuse Reflectance (DR) spectroscopy confirmed the adsorption
characteristics of the FDCA or MOFs (Figure 2.3a) or resulting composites or hybrids (Figure
2.3b) respectively, all in the 200-450 nm range. Specifically, analysis shown in Figure 2.3a
identified the band gaps (Eg) of the MIL-160 (3.7 eV) and FDCA (3.4 eV) respectively as ascribed
to the π-π* electronic transition of the FDCA in its alone or integrated form.45 The slight Eg
difference between MIL-160 and FDCA was presumably due to the crystalline order of the
molecule endowed upon its coordination with the AlO6 in the MOF structure.46
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Figure 2.3. UV−vis DR spectra of MIL-160 and FDCA (a) and Ag/MIL-160 and
Ag/FDCA respectively (b).

UV-vis DR spectroscopy of the Ag/FDCA composite and Ag/MIL-160 hybrid (Figure
2.3b) confirmed enhanced optical properties of these two relative to their individual counterparts,
i.e., controls FDCA and MIL-160 respectively. Specifically, both Ag/FDCA and Ag/MIL-160
showed optical adsorption in visible light as indicated by recorded adsorption peaks at around 540
nm. For the Ag/MIL-160, the optical adsorption peaks around 370 nm was associated with the
quadrupole resonance of formed Ag nanoparticles47, 48 known to result in a field coupling effect
from nearly located particle interactions.49 The difference in the optical properties of the Ag/MIL160 and Ag/FDCA was presumably due to the difference in size50 of Ag nanoparticles formed onto
the composite or hybrid respectively and their resulting surface plasmon absorption,51, 52 with
previous reports showing that composition, shape and size of such nanoparticles could lead to
variations in the spectra displayed in entire visible range.

2.3.4 Electrode-Based System for Detection of Contaminant
Upon establishing that both the composite and the hybrid display photoactivity and upon
explaining the mechanisms responsible for the observed phenomena, we tested whether such
systems could be employed for detection of model contaminant (i.e., its envisioned purpose as
listed in the hypothesis). p-NP was chosen as the testing agent based on its wide implementation
for manufacturing of drugs and fungicides, and its presence as a byproduct of degradation of
insecticides shown to have toxic effects on receiving bodies, with demonstrated carcinogenicity
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and mutagenicity7 for both liver8 and kidney.9 We were motivated to find new means for such
contaminant detection at low concentrations to thus lead to its effective control and possible
propose regulation strategies of its release and deposition respectively.13, 28
We used cyclic voltammetry (CV) as the testing method because previous reports showed
its suitability to investigate water-based solution to detect contamination within a variety of
samples and for a variety of contaminants respectively.28 Analysis were performed between -1.0
and 1.0 V at a scan rate of 50 mV/s using an “ink” formed from MIL-160-nafion membrane and a
nafion-coated electrode as control, with electrode coverage being achieved by drop-casting.
Consideration for nafion was based on its demonstrated ability to serve as an adhesive with proven
mechanical stability that does not change the electrochemical properties at a modified electrode
surface.53
Performed sample analysis showed the presence of two anodic peaks at -0.08 and 0.14 mV
of the nafion-coated electrode used as control (Figure 2.4a). For the MIL-160/nafion/electrode
there was no new peak being observed, however the current (-5.6 µA) was lowered relative to that
of the control (-10.4 µA). Ag/MIL-160/nafion/electrode showed a left shift (from 0.04 to -0.14 V)
of the cathodic peak and a right shift (from 0.14 to 0.18 V) of the anodic peak relative to that of
the control. These confirmed the presence of Ag at the electrode interface with previous studies54,
55

showing that the anodic peaks for electrochemical oxidation of such metal ranged from 0.14 to

4.1 mV, with the large voltage range being due to the recordings displaying variations due to the
different sizes of Ag-based particle formed onto the matrix of the electrode interface.
The CV behaviors of MIL-160/nafion/electrode and Ag/MIL-160/nafion/electrode were
also recorded at different scan rates (namely 10, 50, 100, and 200 mV/s), with analysis shown in
Figures 2.4b and Figure 2.4c respectively. Such evaluations allowed for kinetic behavior
determination at the electrodes surface since previous analysis showed that such processes play
important roles in the capability of detection of an electrochemical sensor56 as well as its
sensitivity.57 Results showed that for both electrodes the current outputs increased with the
increase in the scan rates, with the anodic and cathodic peak currents varying in a linear fashion
indicating that the electrochemical behavior was a surface-controlled process.28 In addition, it was
observed that as the scan rate increased from 10 to 200 mV/s the cathodic peak of the MIL160/nafion/electrode shifted to a lower potential (from the -0.09 to -2.0 V) while its anodic peak
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shifted to a higher potential (from the 0.14 to 0.19 V). These were presumably due to the induced
resistance at the respective electrode interface as confirmed by previous analysis58 showing a
similar CV behavior of polyaniline at a mesoporous carbon electrode, with the change in the CV
curve being due to the created internal resistance upon electrode’s modification. No obvious peak
shift was observed for the Ag/MIL-160/nafion/electrode thus indicating that the enhanced electron
transfer was presumably due to the Ag nanoparticles formed in/onto the MIL-160.
Electrochemical detection of p-NP is shown in Figure 2.4d; no activity to p-NP and no new
redox peaks appeared in the CV curve of the MIL-160/nafion/ electrode. A new anodic peak
however appeared at 0.87 V for the Ag/MIL-160/nafion/ electrode; the peak was assigned to the
oxidation of p-NP28 known to produce p-nitroquinone;59 no corresponding cathodic peak was
observed thus indicating that the process was irreversible. Lastly, a new and broader cathodic peak
was observed between -0.5 and -0.86 V for the reduction of p-NP. The peak positions of the p-NP
oxidation and reduction were deviated from previously reported values, with anodic peak shifting
from 0.71 to 0.87 V59 and cathodic peak from -0.5 to around -0.7 V13 presumably due to the
incorporation of different sizes of Ag nanoparticle in/onto the MIL-160.
CV curves of MIL-160/nafion/electrode and Ag/MIL-160/nafion/electrode at different
scan rates (10, 50, 100, 150, and 200 mV/s respectively) are shown in Figures 2.4e and 2.4f
respectively and reveal that the electrochemical oxidation of p-NP was a surface-controlled
process. There was also a linear relationship between the different scan rates and the peak currents
(Figures 2.4e/4f insets) and an additional peak observed at 0.27 V for the CV curves performed at
high scan rates of 100, 150 and 200 mV/s respectively. This new peak was assigned to smaller Ag
nanoparticles54 showing that the electrochemical oxidation was size-dependent. In addition, the
anodic peaks for the MIL-160/nafion/electrode shifted to higher potential (from 0.11 to 0.22 V)
while the cathodic peak shifted toward lower potential (from -0.04 to -0.24 V), presumably due to
induced electrode resistance.58, 60 Moreover, for the Ag/MIL-160/nafion/electrode, the redox peaks
for Ag and the oxidation peak of p-NP displayed no changes thus supporting improved
conductivity at the two interfaces.61 Indeed, previous study has showed that electrical conductivity
of Ag nanoparticles/reduced oxide graphene (rGO) composites immobilized at an electrode
interface was significantly improved relative to that of pure rGO, with an enhancement factor as
high as 346% at a 40 wt% of rGO.
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Figure 2.4. CV curves at the nafion/electrode, MIL-160/nafion/electrode and Ag/MIL160/nafion/electrode respectively recorded in PBS, pH 7.0, at a scan rate of 50 mV/s (a); CV curves
of MIL-160/nafion/electrode (b) and Ag/MIL-160/nafion/electrode (c) at different scan rates (i.e.,
10, 50, 100, 150, and 200 mV/s respectively; CV curves of nafion/electrode, MIL160/nafion/electrode and Ag/MIL-160/nafion/electrode at a scan rate of 50 mV/s in an electrolyte
containing p-NP (d); CV curves of MIL-160/nafion/electrode (e) and Ag/MIL-160/nafion/
electrode (f) at different scan rates (i.e., 10, 50, 100, 150, 200 mV/s) with p-NP used in the
electrolyte.

Ag/MIL-160/nafion/electrode performance for p-NP detection was further evaluated under
different p-NP concentrations, namely 40, 30, 20, 15, 8, 1, 0.5, and 0.1 µM at a scan rate of 50
mV/s. These concentrations were chosen based on previous reports showing that p-NP detection
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and removal occurs in concentrations ranges up to 150 µM.13, 28 Results are shown in Figure 2.5a
and reveal that the peak current decreased with the decrease in p-NP concentration. Furthermore,
the plotted curve of the peak current vs. p-NP concentrations (Figure 2.5b) showed a multilinear
relationship in the range of 0.1-1.0 μM (R2=0.992) and 1.0-40 μM (R2=0.999) respectively.

Figure 2.5. CV curves at the Ag/MIL/nafion/electrode interface for different p-NP
concentrations (i.e., 40, 30, 20, 15, 8, 1, 0.5, and 0.1 µM) (a); corresponding calibration plot of
anodic peak currents vs. p-NP concentrations (b).

Synthesized Ag/MIL-160/nafion/electrode was highly stable by retaining about 94% of its
initial peak current after storage at room temperature conditions for two weeks (Supporting
Information Figure S2.8). The result is comparable with previous studies using a GC/Ag@MOF5(Zn)28 and rGO/Ag/GC electrodes13 respectively. Moreover, the selectivity of the Ag/MIL160/nafion/electrode in the presence of various possible inorganic interfering species28 showed
peak current changes below 4% (Supporting Information Figure S2.9a) based on previous
literature, the interfering effect is considered low when the peak current change is below 4% and
moderate when the change is between 4% and 10%.28 Specifically, results showed that the peak
current for p-NP oxidation changed less than 4% after adding 500-fold concentration of NaCl,
Na2SO4, KCl, AlCl3, MgCl2, NaNO3 and Cu(NO3)2 separately in the electrolyte containing p-NP
of 20 µM.28, 57 For possible organic interfering substances the two isomers of p-NP were tested,
namely 3-PN and 2-PN. Analysis showed some degree of interference, with the peak current
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changes of 14.1% ±2.0 and 14.3%±2.5 respectively when such agents were used at 2mM
concentrations (Supporting Information Figure S2.9b). This result is in strong agreement with
previous study,57 with changes knowing to be due to the simultaneous oxidation of the two agents
as resulted from their close oxidation potential under the same treatment conditions as for p-NP.28

2.3.5 Limit of Detection and Importance of the Proposed Strategy
The results above allowed for the sensitivity and detection limit to be estimated as 8.85 ±
0.53 µA µM -1 and 0.04 µM respectively. Herein the sensitivity was calculated based on the ratio
of the peak current and the related lowest p-NP concentration that can be detected, while the
detection limit was estimated using the standard deviation of the y-intercept and the slope of the
regression lines shown in Figure 2.5.13 Such calculated values indicate the promising potential of
the synthesized Ag/MIL-160 composite and resulting electrode for p-NP detection, in good
agreement with previous reports (Table 2.1), with variations being due to the different
experimental conditions being used (i.e., buffer solution and pH, electrode materials).
Briefly, the limit of detection of p-NP as evaluated using CV, DPV or square wave
voltammetry (SWV) respectively varied from hundreds to few nM, with the lower limit of
detection being recorded when SWV and rGO-Ag/GC electrode was used. DPV using per-6deoxy-per-6-(2-carboxy-methyl)thio-β-cyclodextrin decorated with gold nanoparticles (AcSCDAuNPs) modified glass carbon and graphene nanosheet (GS)/GC electrode showed an even poorer
limit of detection relative to our study. Our Ag/MIL-160/GC electrode showed lower limit of
detection relative to Meso-ZnCo2O4/GC65 and Ag@MOF-5 (Zn)/GC electrodes.28 Furthermore,
the sensitivity and linear range of our synthesized Ag/MIL-160/nafion/electrode was similar with
those of the rGO-Ag/GC electrode.13 We anticipate that our experimental limit of detection could
be further improved if changes in the ink composition are to be made. Specifically, considering
that our proposed photocatalytic mechanism uses a mole ratio of n Ag : n FDCA of 2:1 a mole ratio
of n MIL-160: n FDCA of 1:1, theoretical estimation of the number of Ag nanoparticles immobilized
in the ink per unit electrode area estimated to be driving the sensitivity analysis was 1.02×10-14
mol/m2. Such calculations assume that all nanoparticles are fully integrated within the ink and fully
available for reaction (Supporting Information, Theoretical calculation). It is thus envisioned that
a lower number of MOF particles or changes in particle characteristics would considerably

22

increase the detection capability, since particle density and size distributions were previously
shown to play a major role in the activity of a modified electrode’s interface.66 Moreover, with pNP electrochemical oxidation being the result of a single electron transfer at the Ag-based matrix,
and with the amount of Ag being controlled by the overall number of MOF particles present, it is
also expected that individual MOF design could lead to different electron transfer configurations
to be observed as changes in colors either with the naked eye (Supporting Information S2.1) or
through a potential colorimetric, lab-on-chip assay.

Table 2.1. Comparison of the electrochemical detection properties of p-NP by the user
synthesized Ag/MIL-160/nafion relative to other similar materials/ techniques.
Electrode

Analytical
technique

Buffer
with
pH

Detection
limit
(µM)

Sensitivity

CV

PBS, pH
7.0
PBS, pH
6.5
PBS, pH
7.0
PBS,
pH7.0
PBS,
pH7.0
PBS,
pH7.2
PBS,
pH7.0

Ag/MIL160/GC
AcSCDAuNPs/GC
GS/GC

DPV

Fe-MWNT/GC

SWV

MesoZnCo2O4/GC
rGO-Ag/GC

CV

Ag@MOF-5
(Zn)/GC

DPV

SWV
CV

Reference

(µA µM-1)

Linear
range
(µM)

0.04

8.85±0.53

0.1-1.0

This work

3.63

0.446

0.1–10

89

3.0

--------------

7-108

90

0.073

--------------

0.1-100

91

0.3

0.022

1-4000

92

0.001

19.83±0.293

0.01-0.1

36

0.057

0.092

0.1-10

51

Implementation of proposed MOF-based matrix for detection would not only improve
upon the sensitivity of detection but also upon the limit of interference of related compounds
previously known to have strong influences as shown when spectrophotometric and fluorometric
methods67 were used. In addition, the proposed strategy is expected to reduce the quenching
tendency previously noted with fluorescent sensors and Al-containing MOFs,68 all while
decreasing the optimal detection time (Supporting Information Figure S2.7). The validity of this
last statement is supported not only by the proven ability to design MOFs with different features/
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characteristics but also by other previous research works showing that the quenching mechanisms
for p-NP is based on competitive energy absorption rather than an energy transfer process.69

2.4 Conclusion
We have demonstrated for the first time photoactivity of both Ag-FDCA composite and its
MIL-160 hybrid, with the hybrid showing the potential for p-NP pollutant detection when in an
aqueous solution. The photocatalytic functionality of MIL-160 allowed the formation of Ag
nanoparticles in/on its structure by a simple “green” reduction reaction and without additional
reductive reagents. Our analysis showed that samples’ characteristics as demonstrated by SEM,
TEM, XPS, FTIR and XRD drive the photo-based mechanisms, with the photocatalytic activity
for pollutant reduction depending on the Ag nanoparticles size and distribution onto a usersynthesized electrode-based ink. Furthermore, our electrochemical characterization using CV
allowed both sensitivity and limit of detection of the fabricated Ag/MIL-160 electrode
determination, with values comparable with previously reported ones. Our study provides a robust
and low-cost materials-based approach for PN detection, with the detection mechanism being
driven by a MOF particle synthesis and electrode functionalization approach.

2.5 Acknowledgement
This work was funded by the National Science Foundation (NSF) grant 1454230.

2.6 References
(1)

Almasi, A.; Pinto, E. D. L. N.; Kovacs, N. P.; Fischer, T.; Markovics, Z.; Fischer, E.; Perjesi,
P. Changes in Hepatic Metabolic Enzyme Activities and Biliary Excretion of 4Nitrophenol in Streptozotocin Induced Diabetic Rats. Braz. J. Pharm. Sci. 2018, 54,
c17347-c17356.

(2)

Lu, Y. Y.; Wang, N. N.; He, J.; Li, Y. F.; Gao, X. N.; Huang, L. L.; Yan, X. Expression and
Characterization of a Novel Chitinase With Antifungal Activity From a Rare Actinomycete,
Saccharothrix Yanglingensis Hhs.015. Protein Expr. Purif. 2018, 143, 45-51

(3)

Zheng, H. S.; Guo, W. Q.; Li, S.; Chen, Y. D.; Wu, Q. L.; Feng, X. C.; Yin, R. L.; Ho, S.
H.; Ren, N. Q.; Chang, J. S. Adsorption of p-Nitrophenols (PNP) on Microalgal Biochar:
24

Analysis of High Adsorption Capacity and Mechanism. Bioresource Technol. 2017, 244,
1456-1464.
(4) Pham, T. H.; Lee, B. K.; Kim, J. Improved Adsorption Properties of a Nano ZeoliteAdsorbent
Toward Toxic Nitrophenols. Process Saf. Environ. 2016, 104, 314-322.
(5)

Inglezakis, V. J.; Malamis, S.; Omirkhan, A.; Nauruzbayeva, J.; Makhtayeva, Z.;
Seidakhmetov, T.; Kudarova, A. Investigating the Inhibitory Effect of Cyanide, Phenol and
4-Nitrophenol on the Activated Sludge Process Employed for the Treatment of Petroleum
Wastewater. J. Environ. Manage. 2017, 203, 825-830.

(6)

Du, J. S.; Che, D.; Li, X. F.; Guo, W. Q.; Ren, N. Q. Factors Affecting p-Nitrophenol
Removal by Microscale Zero-Valent Iron Coupling with Weak Magnetic Field (WMF).
RSC Advances 2017, 7, 18231-18237.

(7)

Podeh, M. R. H.; Bhattacharya, S. K.; Qu, M. B. Effects of Nitrophenols on Acetate Utilizing
Methanogenic Systems. Water Res. 1995, 29, 391-399.

(8)

Chen, J. Q.; Song, M. Y.; Li, Y. S.; Zhang, Y. H.; Taya, K.; Li, C. M. The Effect of
Phytosterol Protects Rats Against 4-Nitrophenol-Induced Liver Damage. Environ. Toxicol.
Pharmacol. 2016, 41, 266-271.

(9)

Arinc, E.; Adali, O.; Gencler-Ozkan, A. M. Stimulation of Aniline, p-Nitrophenol and nNitrosodimethylamine Metabolism in Kidney by Pyridine Pretreatment of Rabbits. Arch.
Toxicol. 2000, 74, 527-532.

(10)

Xiao, N.; Liu, S. G.; Mo, S.; Li, N.; Ju, Y. J.; Ling, Y.; Li, N. B.; Luo, H. Q. Highly Selective
Detection of p-Nitrophenol Using Fluorescence Assay Based on Boron, Nitrogen Co-Doped
Carbon Dots. Talanta 2018, 184, 184-192.

(11)

Mei, M.; Huang, X. J.; Yu, J.; Yuan, D. X. Sensitive Monitoring of Trace Nitrophenols in
Water Samples Using Multiple Monolithic Fiber Solid Phase Microextraction and Liquid
Chromatographic Analysis. Talanta 2015, 134, 89-97.

(12)

Chao, Z.; Govindaraju, S.; Giribabu, K.; Huh, Y. S.; Yun, K. AgNWs-PANI Nanocomposite
Based Electrochemical Sensor for Detection of 4-Nitrophenol. Sensor Actuat. B-Chem.
2017, 252, 616-623.

(13)

Ikhsan, N. I.; Rameshkumar, P.; Huang, N. M. Controlled Synthesis of Reduced Graphene
Oxide Supported Silver Nanoparticles for Selective and Sensitive Electrochemical
Detection of 4-Nitrophenol. Electrochim Acta, 2016, 192, 392-399.
25

(14)

Wang, H. W.; Yao, S.; Liu, Y. Q.; Wei, S. L.; Su, J. W.; Hu, G. X. Molecularly Imprinted
Electrochemical Sensor Based on Au Nanoparticles in Carboxylated Multi-walled Carbon
Nanotubes for Sensitive Determination of Olaquindox in Food and Feedstuffs. Biosens.
Bioelectron. 2017, 87, 417-421.

(15) Wang, L. B.; Chen, W.; Ma, W. W.; Liu, L. Q.; Ma, W.; Zhao, Y. A.; Zhu, Y. Y.; Xu, L. G.;
Kuang, H.; Xu, C. L. Fluorescent Strip Sensor for Rapid Determination of Toxins. Chem.
Commun. 2011, 47, 1574-1576.
(16)

Sousa, A. F.; Vilela, C.; Fonseca, A. C.; Matos, M.; Freire, C. S. R.; Gruter, G. J. M.; Coelho,
J. F. J.; Silvestre, A. J. D. Biobased Polyesters and Other Polymers from 2,5Furandicarboxylic acid: A Tribute to Furan Excellency. Polym. Chem.-UK 2015, 6, 60966096.

(17)

Liu, Q.; Chapman, J.; Huang, A. S.; Williams, K. C.; Wagner, A.; Garapati, N.; Sierros, K.
A.; Dinu, C. Z. User-Tailored Metal Organic Frameworks as Supports for Carbonic
Anhydrase. ACS Appl. Mater. Interfaces 2018, 10, 41326-41337.

(18)

Cadiau, A.; Lee, J. S.; Borges, D. D.; Fabry, P.; Devic, T.; Wharmby, M. T.; Martineau, C.;
Foucher, D.; Taulelle, F.; Jun, C. H.; Hwang, Y. K.; Stock, N.; De Lange, M. F.; Kapteijn,
F.; Gascon, J.; Maurin, G.; Chang, J. S.; Serre, C. Design of Hydrophilic Metal Organic
Framework Water Adsorbents for Heat Reallocation. Adv. Mater. 2015, 27, 4775-4780.

(19)

Liu, R.; Ran, L.; Niu, B.; Wei, Y. Carbonization of Fe-Based Metal Organic Frameworks
with Mesoporous Structure as Electrocatalyst for Catalysis of Oxygen to Hydrogen
Peroxide. J. Nanosci. Nanotechno. 2018, 18, 4667-4674.

(20)

Huang, A. S.; Liu, Q.; Wang, N. Y.; Zhu, Y. Q.; Caro, J. Bicontinuous Zeolitic Imidazolate
Framework ZIF-8@GO Membrane with Enhanced Hydrogen Selectivity. J. Am. Chem. Soc.
2014, 136, 14686-14689.

(21)

Liu, Q.; Wang, N. Y.; Caro, J.; Huang, A. S. Bio-Inspired Polydopamine: A Versatile and
Powerful Platform for Covalent Synthesis of Molecular Sieve Membranes. J. Am. Chem.
Soc. 2013, 135, 17679-17682.

(22)

Kong, L. R.; Chen, Q. R.; Shen, X. P.; Xu, Z. Y.; Xu, C.; Ji, Z. Y.; Zhu, J. MOF Derived
Nitrogen-Doped Carbon Polyhedrons Decorated on Graphitic Carbon Nitride Sheets with
Enhanced Electrochemical Capacitive Energy Storage Performance. Electrochim. Acta
2018, 265, 651-661.
26

(23)

Wu, M. X.; Yang, Y. W. Metal-Organic Framework (MOF)-Based Drug/Cargo Delivery
and Cancer Therapy. Adv. Mater. 2017, 29,1606134-1606154.

(24)

Lazaro, I. A.; Lazaro, S. A.; Forgan, R. S. Enhancing Anticancer Cytotoxicity Through
Bimodal Drug Delivery From Ultrasmall Zr MOF Nanoparticles. Chem. Commun. 2018,
54, 2792-2795.

(25)

Horcajada, P.; Gref, R.; Baati, T.; Allan, P. K.; Maurin, G.; Couvreur, P.; Ferey, G.; Morris,
R. E.; Serre, C. Metal-Organic Frameworks in Biomedicine. Chem. Rev. 2012, 112, 12321268.

(26)

Ahmad, K.; Mohammad, A.; Mathur, P.; Mobin, S. M. Preparation of SrTiO3 perovskite
decorated rGO and electrochemical detection of nitroaromatics. Electrochim. Acta 2016,
215, 435-446.

(27)

Saadati, F.; Ghahramani, F.; Shayani-jam, H.; Piri, F.; Yaftian, M. R. Synthesis and
Characterization of Nanostructure Molecularly Imprinted Polyaniline/Graphene Oxide
Composite as Highly Selective Electrochemical Sensor for Detection of p-Nitrophenol. J.
Taiwan Inst. Chem. E, 2018, 86, 213-221.

(28)

Yadav, D. K.; Ganesan, V.; Marken, F.; Gupta, R.; Sonkar, P. K. Metal@MOF Materials in
Electroanalysis: Silver-Enhanced Oxidation Reactivity Towards Nitrophenols Adsorbed
into a Zinc Metal Organic Framework-Ag@MOF-5(Zn). Electrochim. Acta 2016, 219, 482491.

(29)

Makhdoumi, P.; Hossini, H.; Ashraf, G. M.; Limoee, M. Molecular Mechanism of Aniline
Induced Spleen Toxicity and Neuron Toxicity in Experimental Rat Exposure: A Review.
Curr. Neuropharmacol. 2019, 17, 201-213.

(30)

Neatu, F.; Culica, G.; Florea, M.; Parvulescu, V. I.; Cavani, F. Synthesis of Terephthalic
Acid by p-Cymene Oxidation using Oxygen: Toward a More Sustainable Production of BioPolyethylene Terephthalate. Chemsuschem 2016, 9, 3102-3112.

(31)

Alvaro, M.; Carbonell, E.; Ferrer, B.; Xamena, F. X. L. I.; Garcia, H. Semiconductor
Behavior of a Metal-Mrganic Framework (MOF). Chem.-Eur. J. 2007, 13, 5106-5112.

(32)

Sun, D. R.; Fu, Y. H.; Liu, W. J.; Ye, L.; Wang, D. K.; Yang, L.; Fu, X. Z.; Li, Z. H. Studies
on Photocatalytic CO2 Reduction over NH2-UiO-66(Zr) and Its Derivatives: Towards a
Better Understanding of Photocatalysis on Metal-Organic Frameworks. Chem.-Eur. J. 2013,
19, 14279-14285.
27

(33)

Liu, J. W.; Fan, Y. Z.; Li, X.; Wei, Z. W.; Xu, Y. W.; Zhang, L.; Su, C. Y. A Porous
Rhodium(III)-Porphyrin Metal-Organic Framework as An Efficient and Selective
Photocatalyst for CO2 Reduction. Appl. Catal. B-Environ. 2018, 231, 173-181.

(34)

Liu, H.; Xu, C. Y.; Li, D. D.; Jiang, H. L. Photocatalytic Hydrogen Production Coupled with
Selective Benzylamine Oxidation over MOF Composites. Angew. Chem. Int. Edit 2018, 57,
5379-5383.

(35)

Zhen, X.; Tao, Y.; An, Z. F.; Chen, P.; Xu, C. J.; Chen, R. F.; Huang, W.; Pu, K. Y. Ultralong
Phosphorescence of Water-Soluble Organic Nanoparticles for in Vivo Afterglow Imaging.
Adv. Mater. 2017, 29. 1606665-1606672.

(36)

Duan, X. G.; Ao, Z. M.; Sun, H. Q.; Indrawirawan, S.; Wang, Y. X.; Kang, J.; Liang, F. L.;
Zhu, Z. H.; Wang, S. B. Nitrogen-Doped Graphene for Generation and Evolution of
Reactive Radicals by Metal-Free Catalysis. ACS Appl. Mater. Interfaces 2015, 7, 4169-4178.

(37)

Chen, J. R.; Hu, X. Q.; Lu, L. Q.; Xiao, W. J. Visible Light Photoredox-Controlled Reactions
of N-Radicals and Radical ions. Chem. Soc. Rev. 2016, 45, 2044-2056.

(38)

Peng, X.; Karakalos, S. G.; Mustain, W. E. Preferentially Oriented Ag Nanocrystals with
Extremely High Activity and Faradaic Efficiency for CO2 Electrochemical Reduction to CO.
ACS Appl. Mater. Interfaces 2018, 10, 1734-1742.

(39)

Zhang, S.;

Zhang, L. A Facile and Effective Method for Preparation of 2.5-

Furandicarboxylic

Acid

via

Hydrogen

Peroxide

Direct

Oxidation

of

5-

Hydroxymethylfurfural. Pol. J. Chemi. Technol. 2017, 19, 11-16.
(40)

Mahapure, P. D.; Gangal, S. A.; Aiyer, R. C.; Gosavi, S. W. Combination of Polymeric
Substrates and Metal-Polymer Nanocomposites for Optical Humidity Sensors. J. Appl.
Polym. Sci. 2019, 136, 47035-47048.

(41)

Wu, X. C.; Wei, W.; Jiang, J. W.; Caro, J.; Huang, A. S. High-Flux High-Selectivity MetalOrganic Framework MIL-160 Membrane for Xylene Isomer Separation by Pervaporation.
Angew. Chem. Int. Edit. 2018, 57, 15354-15358.

(42)

Permyakova, A.; Skrylnyk, O.; Courbon, E.; Affram, M.; Wang, S. J.; Lee, U. H.; Valekar,
A. H.; Nouar, F.; Mouchaham, G.; Devic, T.; De Weireld, G.; Chang, J. S.; Steunou, N.;
Frere, M.; Serre, C. Synthesis Optimization, Shaping, and Heat Reallocation Evaluation of
the Hydrophilic Metal-Organic Framework MIL-160(Al). Chemsuschem 2017, 10, 14191426.
28

(43)

Huang, H. W.; Tu, S. C.; Zeng, C.; Zhang, T. R.; Reshak, A. H.; Zhang, Y. H. Macroscopic
Polarization Enhancement Promoting Photo- and Piezoelectric-Induced Charge Separation
and Molecular Oxygen Activation. Angew. Chem. Int. Edit. 2017, 56, 11860-11864.

(44)

Huang, H. W.; Han, X.; Li, X. W.; Wang, S. C.; Chu, P. K.; Zhang, Y. H. Fabrication of
Multiple Heterojunctions with Tunable Visible-Light-Active Photocatalytic Reactivity in
BiOBr-BiOl Full-Range Composites Based on Microstructure Modulation and Band
Structures. ACS Appl. Mater. Interfaces 2015, 7, 482-492.

(45)

Chavan, S.; Vitillo, J. G.; Gianolio, D.; Zavorotynska, O.; Civalleri, B.; Jakobsen, S.; Nilsen,
M. H.; Valenzano, L.; Lamberti, C.; Lillerud, K. P. Bordiga, S. H2 Storage in Isostructural
UiO-67 and UiO-66 MOFs. Phys. Chem. Chem. Phys. 2012, 14, 1614-1626.

(46)

Kong, X. G.; Zeng, C. B.; Wang, X.; Huang, J. F.; Li, C. Y.; Fei, J.; Li, J. Y.; Feng, Q. TiO-O Coordination Bond caused Visible Light Photocatalytic Property of Layered Titanium
Oxide. Sci. Rep.-UK 2016, 6,29049-29057.

(47)

Cao, Y. Z.; Zheng, R. F.; Ji, X. H.; Liu, H.; Xie, R. G.; Yang, W. S. Syntheses and
Characterization of Nearly Monodispersed, Size-Tunable Silver Nanoparticles over a Wide
Size Range of 7-200 nm by Tannic Acid Reduction. Langmuir 2014, 30, 3876-3882.

(48)

Jin, R. C.; Cao, Y. W.; Mirkin, C. A.; Kelly, K. L.; Schatz, G. C.; Zheng, J. G. Photoinduced
Conversion of Silver Nanospheres to Nanoprisms. Science 2001, 294, 1901-1903.

(49)

Hao, E.; Schatz, G. C. Electromagnetic Fields Around Silver Nanoparticles and Dimers. J.
Chem. Phys. 2004, 120, 357-366.

(50)

Bastus, N. G.; Piella, J.; Puntes, V. Quantifying the Sensitivity of Multipolar (Dipolar,
Quadrupolar, and Octapolar) Surface Plasmon Resonances in Silver Nanoparticles: The
Effect of Size, Composition, and Surface Coating. Langmuir 2016, 32, 290-300.

(51)

Linic, S.; Christopher, P.; Ingram, D. B. Plasmonic-Metal Nanostructures for Efficient
Conversion of Solar to Chemical Energy. Nat. Mater. 2011, 10, 911-921.

(52)

Fuku, K.; Hayashi, R.; Takakura, S.; Kamegawa, T.; Mori, K.; Yamashita, H. The Synthesis
of Size- and Color-Controlled Silver Nanoparticles by Using Microwave Heating and their
Enhanced Catalytic Activity by Localized Surface Plasmon Resonance. Angew. Chem. Int.
Ed. 2013, 52, 7446-7450.

(53)

Zhao, G.; Yin, Y.; Wang, H.; Liu, G.; Wang, Z. Q. Sensitive Stripping Voltammetric
Determination of Cd(II) and Pb(II) by a Bi/multi-walled Carbon Nanotube-Emeraldine Base
29

Polyaniline-Nafion Composite Modified Glassy Carbon Electrode. Electrochim. Acta 2016,
220, 267-275.
(54)

Ivanova, O. S.; Zamborini, F. P. Size-Dependent Electrochemical Oxidation of Silver
Nanoparticles. J. Am. Chem. Soc. 2010, 132, 70-72.

(55)

Ikhsan, N. I.; Rameshkumar, P.; Pandikumar, A.; Shahid, M. M.; Huang, N. M.; Kumar, S.
V.; Lim, H. N. Facile Synthesis of Graphene Oxide-Silver Nanocomposite and its Modified
Electrode for Enhanced Electrochemical Detection of Nitrite Ions. Talanta 2015, 144, 908914.

(56)

Katz, E.; Baron, R.; Willner, I. Magnetoswitchable Electrochemistry Gated by Alkyl-chainfunctionalized Magnetic Nanoparticles: Control of Diffusional and Surface-Confined
Electrochemical Processes. J. Am. Chem. Soc. 2005, 127, 4060-4070.

(57)

Li, J. H.; Kuang, D. Z.; Feng, Y. L.; Zhang, F. X.; Xu, Z. F.; Liu, M. Q. A Graphene OxideBased Electrochemical Sensor for Sensitive Determination of 4-Nitrophenol. J. Hazard.
Mater. 2012, 201, 250-259.

(58)

Wang, Y. G.; Li, H. Q.; Xia, Y. Y. Ordered Whiskerlike Polyaniline Grown on the Surface
of Mesoporous Carbon and Its Electrochemical Capacitance Performance. Adv. Mater. 2006,
18, 2619-2623.

(59)

Enache, T. A.; Oliveira-Brett, A. M. Phenol and Para-substituted Phenols Electrochemical
Oxidation Pathways. J. Electroanal. Chem. 2011, 655, 9-16.

(60)

Fan, W.; Zhang, C.; Tjiu, W. W.; Pramoda, K. P.; He, C. B.; Liu, T. X. Graphene-Wrapped
Polyaniline Hollow Spheres As Novel Hybrid Electrode Materials for Supercapacitor
Applications. ACS Appl. Mater. Interfaces 2013, 5, 3382-3391.

(61)

Han, L.; Liu, C. M.; Dong, S. L.; Du, C. X.; Zhang, X. Y.; Li, L. H.; Wei, Y. Enhanced
Conductivity of rGO/Ag NPs Composites for Electrochemical Immunoassay of ProstateSpecific Antigen. Biosens. Bioelectron. 2017, 87, 466-472.

(62)

Zhou, Y.; Zhao, J.; Li, S.; Guo, M.; Fan, Z. An Electrochemical Sensor for the Detection of
p-Nitrophenol Based on a Cyclodextrin-Decorated Gold Nanoparticle–Mesoporous Carbon
Hybrid. Analyst 2019, 144, 4400-4406.

(63)

Li, X.; Shen, J.; Wu, C.; Wu, K. Ball-Mill-Exfoliated Graphene: Tunable Electrochemistry
and Phenol Sensing. Small 2018, 10, 1805567-1805577.

30

(64)

Pang, K.; Kan, X. Reliable Detection of o-Nitrophenol and p-Nitrophenol Based on Carbon
Nanotubes Covalently Functionalized with Ferrocene as an Inner Reference. New J. Chem.
2019, 43, 10517-10522.

(65) Zhang, J. J.; Cui, S. Q.; Ding, Y. P.; Yang, X. X.; Guo, K.; Zhao, J. T. Two-Dimensional
Mesoporous ZnCo2O4 Nanosheets as a Novel Electrocatalyst for Detection of o-Nitrophenol
and p-Nitrophenol. Biosens. Bioelectron. 2018, 112, 177-185.
(66)

Tang, Y. Y.; Chen, P. Y. Gold Nanoparticle-Electrodeposited Electrodes Used for pNitrophenol Detection in Acidic Media: Effect of Electrodeposition Parameters on Particle
Density, Size Distribution, and Electrode Performance. J. Chin. Chem. Soc.-Taip. 2011, 58,
723-731.

(67)

Rana, A.; Kawde, A. N.; Ibrahim, M. Simple and Sensitive Detection of 4-Nitrophenol in
Real Water Samples Using Gold Nanoparticles Modified Pretreated Graphite Pencil
Electrode. J. Electroanal. Chem. 2018, 820, 24-31.

(68)

Chen, J. K.; Yang, S. M.; Li, B. H.; Lin, C. H.; Lee, S. Fluorescence Quenching Investigation
of Methyl Red Adsorption on Aluminum-Based Metal-Organic Frameworks. Langmuir
2018, 34, 1441-1446.

(69)

Zhang, X. J.; Su, F. Z.; Chen, D. M.; Peng, Y.; Guo, W. Y.; Liu, C. S.; Du, M. A WaterStable Eu-III-based MOF as a Dual-Emission Luminescent Sensor for Discriminative
Detection of Nitroaromatic Pollutants. Dalton Trans. 2019, 48, 1843-1849.

31

2.7 Supporting Information
Experimental details; color change induced upon photoactivation assessment, EDS
mapping of Ag/FDCA and Ag/MIL-160, PXRD and XPS spectra of MIL-160, theoretical
calculation of Ag nanoparticles in the electrode and the detection time based on the scan rate,
selectivity and stability studies.
Color Change of the Ag-FDCA Composites

Figure S2.1. (a) Photograph of FDCA powder and its dispersion in AgNO3 aqueous (inset);
(b) Ag/FDCA powder and its dispersion in AgNO3 aqueous (inset). The change in color (from
white to pink) is distinguished in the inset.
EDS Mapping of FDCA

Figure S2.2. SEM-mapping of FDCA with individual element composition shown color
coded. Briefly, C, O and Ag was represented as shown by the red, green and purple colors
respectively.
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XRD of the Synthesized MIL-160

Intensity (a.u.)

4

1.6x10
4
1.4x10
4
1.2x10
4
1.0x10
3
8.0x10
3
6.0x10
3
4.0x10
3
2.0x10
0.0
0

10

20
2 (  )

30

40

50

Figure S2.3. XRD spectra of MIL-160. The spectra confirms the crystalline structure of
the lab-synthesized MOF.
Color Change of Ag-MIL-160 Composites

Figure S2.4. (a) Photograph of MIL-160 powder and its dispersion in AgNO3 aqueous
(inset); (b) Ag/MIL-160 powder and its dispersion in AgNO3 aqueous (inset). The change in color
(from white to pink) is distinguished in the inset.
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EDS Mapping of Ag/MIL-160 Hybrid

Figure S2.5. SEM-EDS mapping of Ag/MIL-160 hybrid with individual element C, O, Al
and Ag represented with colors red, green, blue and purple respectively.

XPS of MIL-160
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Figure S2.6. XPS spectra of synthesized Ag/MIL-160 with characteristic peaks of Ag3d3/2
and Ag3d5/2 (at 374 and 368 eV).
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Theoretical Calculation of Ag Nanoparticles on the Electrode Surface
The number of Ag nanoparticles per unit electrode area was calculated to be 1.02×10-14
mol/m2 based the formula of MIL-160 Al(OH)[O2C-C4H2O-CO2] showing that the mole ratio nMIL160:

nFDCA=1:1. Our proposed photocatalytic mechanism indicated the mole ratio of nAg:nFDCA is

2:1. The resulting mole ratio of nAg:nMIL-160 in the Ag/MIL-160 hybrid was theoretically 2:1 when
the photocatalytic efficiency of MIL-160 reached 100%. The calculation is shown as Eq. 2.1-3:
nAg=NAg/S
NAg=
S=

2𝑚
𝑀𝑀𝐼𝐿−160 +2𝑀𝐴𝑔

𝜋𝑑 2
4

(1)
(2)
(3),

where NAg is the moles of Ag nanoparticles in the electrode; m is the mass of Ag/MIL-160
hybrid in the electrode, 15 µg; MMIL-160 and MAg are the molecular weight being 198 g/mol and
108 g/mol respectively; nAg is the moles of Ag nanoparticles per unit surface area of the electrode;
and S is the surface area of the GC electrode used with diameter (d) being 3 mm, 7.065 mm2.

Time for the p-NP Detection at Different Scan Rate and Under User-Designed Conditions

Figure S2.7. Time for p-NP detection by the Ag/MIL-160 based electrode at different
scan rate (10, 50, 100, 150 and 200 mV/s).
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Stability of the Ag/MIL-160/nafion/electrode

Figure S2.8. CV curves of Ag/MIL-160/nafion/electrode before and after two weeks of
storage at room conditions (20 µM p-NP in PBS buffer of pH7.0 at a scan rate of 50 mV/s was
used for the testing condition).

Selectivity of the Ag/MIL-160/nafion/electrode

Figure S2.9. Peak current changes for p-NP electrochemical oxidation with the
concentration of p-NP being 20 µM when adding 500-fold concentration of inorganic interfering
species including Na2SO4, NaCl, KCl, AlCl3, NaNO3, Cu(NO3)2 and MaCl2 (a) and 100-fold
concentration of 2-nitropheon (2-NP) and 3-nitrophenol (3-NP).
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Chapter 3
Conjugates Based on Enzyme-Metal-Organic Frameworks for Advanced
Enzymatic Applications (DOI: 10.1021/bk-2018-1310.ch006)

Abstract
Enzymes are biocatalysts that are widely studied for various applications—from catalysis
to industrial manufacturing to health care. However, the implementation of enzymes for these
applications is currently restricted due to their instability in synthetic operational conditions, short
shelf life, and limited applicability for multiproduct catalysis as a result of their unique substrate
specificity. Enzyme immobilization has offered an alternative and effective strategy to overcome
such restrictions. In this review, metal-organic frameworks (MOFs) are introduced as a novel
platform for enzyme immobilization. Aspects related to MOFs’ structure, synthesis, and
interaction with enzymes are discussed. Implementation strategies for enzyme-MOF conjugates
and specific examples of applications are also highlighted.

Keywords: Metal-organic Frameworks, enzyme immobilization, applications
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3.1 Introduction
The high efficiency, selectivity and specificity, as well as the mild operation and reaction
conditions, low environmental and physiological toxicity, all relative to artificial catalysts, make
enzymes promising candidates for food,1-4 textile,5-7 paper and pulp industries,8-10
pharmaceutical11-14 and chemical15-17 manufacturing, or environmental treatment for mitigating
contamination.18-20 Nonetheless, enzymes large-scale implementation is currently hindered by
their instability in the in vitro operational conditions, especially when considering that their
lifetime is mostly preserved in water-based environments, and in controlled temperature and pH
conditions.21, 22
Immobilizing enzymes on solid supports has offered an alternative or overcoming enzyme
integration in synthetic applications.23, 24 Compared with their free forms, immobilized enzymes
show improved storage capability and increased thermal stability, as well as increased resistance
to solvents exposures25-27 normally encountered in such synthetic environments. Further,
enhancement of functionality was reported upon enzymes immobilization on supports with
controlled physico-chemical properties28,

29

. Specifically, the physical (e.g., pore structure,

curvature, aspect ratio, water affinity etc.) and chemical (e.g., organic groups present on the
surface, chemical stability, oxidation states, etc.) properties of the solid supports were shown to
significantly affect the enzyme-interface interactions and influence individual biocatalyst
functionality as measured by its kinetic performance and yield of product generation. Polymers,3033

hydrogels34, 35 and various inorganic materials36-39 were considered as immobilization supports

for the formation of highly functional enzymes-based conjugates. However, drawbacks such as
enzyme leaching, low loading, low activity as resulted upon enzyme’s active site deformation or
enzyme denaturation at the contact with the support, restricted mass transfer and difficulty for
large-scale application have restricted enzyme-based conjugates mass implementation.40-43
New materials for enzyme immobilization are needed to ensure robust biocatalysts-based
strategies development; such new materials are not only envisioned to allow maximum enzyme
functionality at their interfaces, but further, they should be smartly designed to support integration
and implementation in a variety of synthetic environments.
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3.2 Metal-Organic Frameworks: An Adaptable Platform for User-Controlled Applications
Metal-organic frameworks (MOFs) are a novel class of crystalline materials formed by
linking metals containing units with organic linkers through strong bonds (reticular synthesis).44
The combination of inorganic and organic components endows MOFs with diversity in geometry,
topology, and functionality.45-47
MOF-synthesis strategies are generally based on user-controlled hydrothermal methods48
and room temperature mixing,49 and are shown to determine a wealth of combinations of organic
and inorganic units as well as their integration through self-assembly, all while taking advantage
of the physical and chemical properties of the individual components. Microwave-assisted
synthesis was also used and was shown to produce MOFs of reduced sizes in less time50 and with
increased catalytic51 and adsorption capabilities.52, 53
The extra energy was the result of increasing the temperature. Synthesis time was also
shown to significantly affect the morphology54 and crystal structure55 of these MOFs. For example,
the research showed that UiO-66, an MOF made up of [Zr6O4(OH)4] clusters with 1,4benzodicarboxylic acid struts and several of its derivatives, could be synthesized at room
temperature, albeit with a high occurrence rate of defects. The amount of defects could, however,
be reduced by increasing the synthesis temperature.55 Additionally, when common
benzenedicarboxylate was replaced with the 2-aminoterephthalic acid ligand, the resulting UiO66-NH2 derivative was shown to possess extra functionalities, such as enhanced photoactivity56
and catalytic activity in an aldol condensation reaction,57 as well as an increased capability for
removing NO258—all relative to its UiO-66 counterpart. It has also been reported that the
composition and porosity of UiO-66 can be tuned by manipulating the individual modulators used
during its synthesis59, 60 to achieve enhanced gas adsorption61 as well as increased separation and
catalytic activity.62
The specific uniformity of MOFs as a result of their tight synthesis conditions as well as
their controllable pore size and structure were shown to allow for encapsulation of different
analytes, thus resulting in the formation of MOF-based composites. Such composites subsequently
benefited from increased stability while allowing application-specific versatility in catalysis or
biomedicine. Zhang et al.,63 for example, encapsulated uniform NiPt-alloy nanoclusters within the
opening porous channels of MIL-101(Cr) formed through the catalytic dehydrogenation of
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hydrazine borane (N2H4BH3) and hydrous hydrazine (N2H4·H2O). The authors showed superior
H2 synthesis and complete H2 evolution (100% H2 selectivity). Morris et al.64 created a new and
modular class of nanostructures for nucleic acid-based assembly strategies. The authors showed
that by using a controlled click reaction between the surface of the lab-synthesized UiO-66-N3 and
specifically designed oligonucleotides, enhanced cellular uptake of the DNA-UiO-66-N3 could be
achieved. Complementarily, Zhang et al.65 reported on an aptamer-embedded Zr-based MOF
composite for the detection of several analytes, including thrombin, kanamycin, and
carcinoembryonic antigen. Lastly, Chen et al.66 successfully immobilized insulin in an acidresistant crystalline mesoporous MOF (i.e., NU-1000). The authors showed loadings of up to 40%
in only 30 min of MOF exposure; it was also revealed that the synthesized MOFs were effective
at preventing the degradation of insulin in the presence of pepsin, a digestive enzyme.

3.3 MOFs as Supports for the Formation of Enzyme-Conjugates
Recently, MOFs have garnered attention as supports for enzyme immobilization due to
research speculating that the variable framework structure, which could theoretically assume an
infinite number of geometries as a result of the organic/inorganic materials and linker
combinations, will allow for novel, enzymatic-based system design while ensuring their improved
stability and catalytic efficiency. The main strategies used for the formation of such enzyme-MOF
conjugates generally rely on surface adsorption, covalent binding, and pore and in situ
encapsulation (Figure 3.1).
Surface adsorption is the most direct method for enzyme immobilization and the formation
of enzyme-MOF conjugates. The process relies on physical interactions based on the van der
Waals forces, as hydrophobic and/or electrostatic forces with such interactions control the overall
binding efficiency of the two systems. The method was shown to be feasible for all kinds of
enzyme-MOF combinations and does not account for enzyme specificity or the synthetic
conditions encountered at MOF preparation.67-69 For example, specific studies have shown that the
catalytic yield, reusability, and storage stability could be significantly enhanced for conjugates
prepared by physical interactions; such conjugates also displayed minimal enzyme leaching. Liu
et al.70 showed that a trypsin–NBD (4-chloro-7-nitrobenzofurazan)-UiO-66 bioreactor formed by
physical adsorption of the enzyme exhibits high proteolytic performance while also displaying
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high reusability (up to five consecutive uses), as well as consistency and stability for a long period
(up to 30 days). Other study71 has also shown that porcine pancreatic lipase (PLL) that is physically
adsorbed onto UiO-66(Zr), UiO-66-NH2(Zr), MIL-53(Al), and carbonized MIL-53(Al) retained
high catalytic performance and in such conjugates, minimum leaching was observed. MIL-53 is
made up of Sc- and O-nodes (ScO6) with 1,4-benzodicarboxylic acid struts between them. MIL53 is made up of Sc- and O-nodes (ScO6) with 1,4-benzodicarboxylic acid struts between them.

Figure 3.1. Schematic illustration of the strategies used for the formation of enzyme-MOF
conjugates. A model enzyme and a model MOF support are shown; for scale, the pore of the model
MOF is of similar size to that of the model enzyme.

Covalent binding relies on a chemical bond between the enzyme and the given MOF
support. For this, functional groups (such as amino, carboxylate, or hydroxyl groups) derived
intrinsically or through user-specific modifications on the MOF’s surface could be coupled with
the reactive groups on the surface of the enzyme.69,

72-74

Enzyme-MOF conjugates obtained

through covalent immobilization strategies were shown to have good reusability for protein
digestion and retained almost all of their activity even after four individual digestion cycles.75
Further, covalent binding of Lipase B Candida Antarctica (CAL-B) onto 1-ethyl-3-(3dimethylaminopropyl) carbodiimide- (EDC) or N,N'-Dicyclohexylcarbodiimide-(DCC) activated
three-dimensional IRMOF-3 composed of Zn4O nodes and dicarboxylate organic linkers was
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shown to lead to increased enzymatic activity. Specifically, the immobilized enzyme achieved 103fold higher activity than the free enzyme in the solution. The high activity was attributed to the
zero-bound interaction formed between the enzyme and the MOF support, which limited enzyme
denaturation and active site deformation at the support interface.76
Enzyme encapsulation into user-designed MOF structures was also considered due to (1)
the high pore-volume aspect ratio and overall void space of the MOFs that could potentially enable
high loadings while conferring increased stability and reusability; (2) uniform and controllable
pore-size synthesis that could provide size selectivity for enzyme-driven specific reactions; and
(3) controlled encapsulation that could provide a protective screen of sorts from physical or
chemical denaturation. Lykourinou et al.77 demonstrated the feasibility and efficiency of
encapsulating microperoxidase-11 (MP-11) in mesoporous MOFs (Tb-TATB). The authors
showed that the conjugates exhibited high catalytic activity, recyclability, and solvent adaptability.
Further, the results also demonstrated that such a strategy could be extended to enzymes with larger
molecular dimensions than the pore size of the MOFs used with subsequent characterization
showing conformational changes occurring as the enzyme translocated the crystalline structure of
the MOF.78 Complementarily, Feng et al.79 used H3BTTC or H3TATB as linking agents with MCl3
(M = Al, Fe, V, Sc, and In) as base atoms to develop a series of ultra-large mesoporous cages with
a 5.5-nm diameter to lead to metal ions that afforded octahedral crystals of PCN-332(M) (M = Al,
Fe, Sc, V, and In) or PCN-333(M) (M = Al, Fe, and Sc). Such MOFs were then used as singlemolecular traps and were shown to display high loading capabilities and recyclability for the
encapsulation of enzymes for horseradish peroxidase (HRP), Cyt c, and MP-11. The displayed
catalytic activity of the encapsulated enzymes was comparable to the activity of their free
counterparts; further, an increase in stability under harsh conditions (e.g., imposed by exposure to
tetrahydrofuran solutions) was noted. Moreover, in the same group, a hierarchical, porous MOF
structure was used for a tandem nanoreactor.80 In the reactor formed from PCN-888, the relatively
large, 6.2-nm cavity accommodated glucose oxidase (GOx) entrapment, while an intermediate
cavity of 5.0 nm was used for HRP encapsulation. Complementarily, a relatively small cavity of
2.0 nm was integrated to remain open during the catalytic reactions of GOx and HRP to serve for
substrate diffusion. A PCN-888 structure was formed from linking Al3+ and a heptazine-based
tritopic ligand (HTB) through a coordination reaction. The tandem nanoreactor was not only
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shown to display excellent catalytic performance for the enzyme-initiated chain reactions, but was
also shown to considerably limit enzyme leaching for any of the two entrapped biocatalysts.
Lastly, in situ processing allowed for enzyme immobilization during MOF synthesis itself;
however, immobilization was only shown to be feasible under mild MOF preparation conditions
(i.e., MOF synthesis at room temperature and in water-based solvents). During such processes, the
enzyme and MOF precursor were generally mixed together to allow for the enzyme to be directly
embedded within the MOF crystals.69, 72
ZIF-8 is considered the most common MOF to be used for such a strategy as its zeolitic
imidazolate framework (with sodalite topology formed by linking 2-methylimidazole and Zn ions
through coordination bonds) allows for synthesis in mild conditions. Cyt c is a highly conserved
monohemic protein that serves as an electron shuttle between the respiratory complexes III and IV
in the inner mitochondrial membrane81 while also being involved in the generation, oxidation, and
trapping of reactive oxygen species (ROS).82 Lyu et al.83 first proposed the in situ encapsulation
of Cyt c with ZIF-8 with the assistance of surfactants. Highly enhanced activity relative to the free
enzyme counterparts was achieved. The produced Cyt c-ZIF-8 conjugates also exhibited
convenient, fast, and highly sensitive detection of trace amounts of explosive organic peroxides in
the solution. Wu et al.84 showed that when ZIF-8 was used for in situ encapsulation of GOx-HRP
conjugates, a cascade of enzymatic chain reactions was initiated with the yield of reaction being
similar to that generated by the two free enzymes in the solution. Further, the authors showed that
the MOF structure provided a three-dimensional microenvironment that ensured both enzymes’
protection as well as preservation of their activity while minimizing individual leaching. Lastly,
Liang et al.85 showed that by encapsulating bovine serum albumin (BSA) in different MOFs
including ZIF-8, Cu3(BTC)2 (HKUST-1), Eu2(1,4-BDC)3(H2O)4, Tb2(1,4-BDC)3(H2O)4, and
Fe(III) dicarboxylate MOF (MIL-88A)), conjugates with high efficiency and improved catalytic
yield could be achieved.

3.4 Improved Performance of the Enzyme-MOF Conjugates
The synthesis of enzyme-MOF conjugates was shown to not only result in enhanced
enzymatic activity and environmental resistance, but also to allow for increased recyclability of
the immobilized enzymes. For example, Lyu et al.83 embedded Cyt c into ZIF-8. The in situ
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encapsulation showed that at the same enzyme concentration the embedded Cyt c displayed a 10fold increase in its activity relative to the free counterpart exposed to the same experimental
conditions (Figure 3.2a). The authors also demonstrated that the conjugates’ activity was
enhanced, with specific results showing that the mixture of Cyt c and ZIF-8 had almost the same
activity as the free Cyt c. On the contrary, the presence of polyvinylpyrrolidone (PVP) and Zn2+
in the solution only increased the activity of Cyt c by 79% and 57%, respectively. In control, the
presence of 2-methylimidazole or ZIF-8 in the solution had no effect on the activity of Cyt c. Also,
in control ZIF-8 had no catalytic activity toward the enzymatic substrates.

Figure 3.2. (a) The relative peroxidase activity of Cyt c, Cyt c-ZIF-8 conjugates,
polyvinylpyrrolidone-Cyt c mixture, Cyt c-Zn ion mixture, Cyt c-2-methylimidazole mixture, and
Cyt c-ZIF-8 mixtures. Reprinted with permission from ref. 82. Copyright 2014 American
Chemical Society. (b) Thermal stability and (c) long-term storage stability in dry powder form
(black bars represent the OPAA-PCN-128y conjugates while red bars represent the free OPAA
respectively) as measured by the conversion of the diisopropyl fluorophosphate (DFP) substrate.
Reprinted with permission from ref. 85. Copyright 2016 American Chemical Society. (d) Reaction
rates of MP-11-Tb-mesoMOF and MP-11-MCM-41 at different cycles. Reprinted with permission
from ref. 77. Copyright 2011 American Chemical Society.
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The enhanced stability of the immobilized enzyme was demonstrated when a conjugate of
organophosphorus acid anhydrolase (OPAA) and porous nanocage (PNC)-128y was used.86
OPAA is a prolidase enzyme that catalyzes the hydrolysis of P−F, P−O, P−CN, and P−S bonds
commonly found in toxic organophosphorus compounds and G-type chemical agents. The PCN128 MOF structure is constructed from H4ETTC11 (4′,4‴,4‴′′,4‴′‴-(ethene-1,1,2,2-tetrayl)tetrakis(([1,1′-biphenyl]-4-carboxylic acid))) and eight connected Zr6 clusters and has a pore size of 4.4
nm.87 The resulting OPAA-PNC-128y conjugates displayed higher thermal and storage stability
relative to free OPAA in the solution when the hydrolytic degradation of diisopropyl
fluorophosphate (DFP) was investigated as well as over a wide range of incubation and reaction
temperatures (Figure 3.2b). Specifically, free OPAA incubated at 55 °C showed a significant loss
of activity, while OPAA-PCN-128y conjugates yielded around 90% activity. When the
temperature was further increased to 70 °C, the OPAA-PCN-128 conjugates retained a conversion
capability of almost 75%, which was in contrast to the conversion capability retained by the free
enzyme that was shown to be completely denatured in the given experimental conditions.
Additionally, the storage stability of the OPAA-PCN-128 conjugates was evaluated by
determining the activity of the conjugates upon storing them in air-dried conditions. Analysis
showed that OPAA-PCN-128y remained capable of catalyzing the hydrolysis of 90% of the
present DFP even after 3 days of dry storage. On the contrary, the lyophilized, free OPAA
exhibited only 30% catalysis capability (Figure 3.2c). It was concluded that the enhanced stability
of the OPAA-PCN-128 conjugates resulted from PCN-128 protecting the enzyme from exposure
to extreme environments.
Increased resistance to organic solvents, metal ions, and/or digestion was also shown for
enzyme-MOF based conjugates. Specifically, studies showed that the HRP-ZIF-8 conjugate
exhibited high activity, and that exposure to trypsin, boiling water, and N, N-dimethylformamide
(DMF) did not significantly affect the enzyme’s performance. This was attributed to the protective
effect of the ZIF-8 matrix.85 He et al.88 also demonstrated such protective effects by encapsulating
lipase in ZIF-8 structures; the resulting lipase-ZIF-8 conjugates showed significantly enhanced
tolerance to various metal ions (e.g., Zn2+, Mn2+, Ni2+, and Cu2+) as well as exposure to high
temperatures. The relative activities of lipase-ZIF-8 conjugates decreased by only 9.6%, 14.8%,
18.4%, and 21.5% relative to activity losses of 46.2%, 48.9 %, 40.1%, and 58.6%, respectively,
which were recorded for the corresponding free lipase. Also, lipase-ZIF-8 conjugates retained 50%
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of original activity at 50 °C after 50 min of incubation and 63% of original activity at 70 °C after
5 min of incubation, compared to the complete loss of activity for free lipase QLM.
Lastly, the recyclability/reusability of enzyme-MOF conjugates was also demonstrated.
The pioneering work of Lykourinou et al.77 showed that by encapsulating MP-11 into Tb-TATB
and using mesoporous silica material MCM-41 as a counterpart (Figure 3.2d), the reaction rate of
the conjugates fluctuated from 5.40×10-5 to 8.34×10-5 mM/s in the first six cycles. Also, the
conjugates only lost about 53% of their activity, even after the seventh cycle. In comparison, the
activity of MP-11-MCM-41 conjugates decreased abruptly, with results showing more than a 60%
activity loss after only the first cycle and only 28% of the original activity remaining by the third
cycle. The retained activity was attributed to the strong hydrophobic interactions between the Tbmeso MOF framework and the MP-11 molecules, which trap the enzyme into the hydrophobic
MOF cages thus preventing its escape while ensuring a protective shield against denaturation.
Further, Liu et al.71 established a novel enzyme-MOF system for the clinical synthesis of warfarin.
Their strategy was based on immobilizing lipase onto UiO-66 (Zr). The resulting enzyme-MOF
conjugate showed high activity and reusability, with about 76% warfarin formation for the first
cycle which reduced to 58% by the fifth cycle, all relative to the conversion ability of the free
lipase. The enhanced recyclability was presumably due to the well-known stabilization effect
induced by the physical interaction between the enzyme and MOF supports.89

3.5 Selected Applications of Enzyme-MOF Conjugates
The significantly enhanced performance of enzyme-MOF conjugates in terms of activity,
stability, and reusability increased their potential for numerous applications. However, large-scale
implementation of such conjugates is still hampered by the loss of their individual (i.e., enzymatic
or MOF) functionality and the loss of their combined catalytic power under high temperature and
variable pH conditions, both of which are encountered in common manufacturing conditions. As
such, enzyme-MOF conjugate applications are mostly limited to the bioreactor development stage
for biomedicine or biosensors, where their chemical stability and thermodynamic compatibility
are supported by the relatively mild operating conditions.
Specific examples are shown in Figure 3.3. Figure 3.3a illustrates the proposed strategy for
an enzyme-MOF bioreactor formation to be used for industrial textile manufacturing and
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environmental treatments. Shieh et al.90 encapsulated catalase in ZIF-90 structures to build a
protective shelter of sorts that prevented the proteolytic degradation of the enzyme; such
proteolytic degradation is normally encountered during silk degumming. The ZIF-90 shelter was
considered as a model due to its formation by coordinating Zn-ions with imidazole-2carboxaldehyde, resulting in a zeolitic structure of a porous nature. The pore size of such structures
is smaller than the size of the protease enzyme, but larger than that of the H2O2 catalase’s substrate.
The authors showed that the shielding was effective at protecting against enzyme unfolding.
Further, the shielding limited the denaturation of the enzyme at the interface with the MOF support
while ensuring high enzyme stability in both high temperatures and even urea conditions.91 A
complementary study88 embedded lipase in ZIF-8 structures to be used as conjugates for ester
hydrolysis. The analysis showed that the lipase-ZIF-8 conjugates exhibited high catalytic activity
and stability in the ester hydrolysis conditions while also displaying favorable enantioselectivity
and reusability in the kinetic resolution of secondary alcohols and in nonaqueous mediums.
Figure 3.3b shows an example of a bioreactor to be used in biomedicine. Lian et al. 92
developed a tyrosinase‐MOF nanoreactor to activate the prodrug paracetamol for cancer therapy.
The PCN-333 support used consisted of an atrimeric-oxo cluster and a planar triangular ligand
(4,4′,4′′-s-triazine-2,4,6-triyl-tribenzoic acid (TATB)) that self-assembled into a supertetrahedron
(STH) which exposed the metal clusters on the corners while the TATB formed the tetrahedron
face. The synthesized MOF structure displayed two types of cavities with diameters of 4.2 nm and
5.5 nm, respectively. By generating ROS and depleting glutathione (GSH), the product of the
enzymatic conversion of paracetamol was expected to be toxic to the cancer cells. Indeed, the
analysis showed that the proposed tyrosinase‐PCN-333 nanoreactors caused significant cell death
in the presence of paracetamol for up to 3 days after being internalized. The toxicity was measured
by the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide assay. Conversely, the free
enzymes experienced a dramatic reduction of activity in only a few hours upon encountering the
cellular platforms.
In a complementary study, Liang et al.93 coated live eukaryotic cells with a bioactive shell;
the coating was achieved by growing a ZIF-8 film directly onto the β-galactosidase-coated cell
surface. The surface enzyme is known to be involved in the metabolization of nutrients. Analysis
showed that the MOF film not only protected the enzymes, but also enabled the cells to survive in
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a simulated lactose-based environment for more than 7 days. The cells also displayed only a 30%
decrease in their viability as compared to a 99% decrease for the control (naked, uncoated cells).

Figure 3.3. Schematic diagram of typical applications of enzyme-MOF conjugates. (a) A
bioreactor for industrial manufacturing and environmental treatments. Reprinted with permission
from ref. 89. Copyright 2015 American Chemical Society. (b) A bioreactor for biomedicine.
Reprinted with permission from ref. 91. Copyright 2018 Wiley‐VCH. (c) A biosensor using
enzyme-MOF conjugates. Reprinted with permission from ref. 93. Copyright 2013 American
Chemical Society.
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Lastly, Figure 3.3c shows an example of enzyme-MOF conjugates used for the
development of a biosensor. Ma et al.94 employed ZIFs as matrices for the coimmobilization of
methylene green (MG) and glucose dehydrogenase (GDH) enzymes and electrochemical biosensor
formation. The combination of MG as an electrocatalyst and GDH as a detector was shown to
allow for continuous measurement of a typical amperometric response. Further, it was shown that
such a response depended on the conversion between glucose and gluconolactone, which were
used as substrates. Sensitivity was evaluated under continuous-flow conditions using in vivo
microdialysis and was shown to allow for glucose recordings in real time with a linear range of
0.1−2.0 mM. Moreover, the ZIF-based biosensor was highly selective to glucose more so than
other

endogenous,

electroactive

species

such

as

sodium

ascorbate

(SA),

3,

4-

dihydroxyphenylacetic acid (DOPAC), dopamine (DA), uric acid (UA), and 5-hydroxytryptamine
(5-HT)—all commonly employed for measurements in the cerebral system.
In a complementary study, Wang et al.95 developed an efficient biosensor for ultrasensitive
and rapid detection of bisphenol A (BPA) using a Cu-MOF support and a tyrosinase enzyme. The
Cu-MOF ([Cu(bdc)(ted)0.5] · 2DMF·0.2H2O) was formed from 1,4‐benzenedicarboxylic acid
(H2bdc), triethylenediamine (ted), N, N‐dimethylformamide (DMF) and was formed via
hydrothermal reaction. Tyrosinase is a copper-containing enzyme that can catalyze the oxidation
of BPA using molecular oxygen.95 The resulting biosensor showed a high sensitivity of 0.2 A M1

, a wide linear range of 5.0×10-8 to 3.0 × 10-6 M, and a low detection limit of only 13 nM. The

excellent biosensing performances were attributed to the large surface area and pore structure of
the Cu-based MOF conjugates that not only allowed for high enzyme loading but also for increased
catalytic yield of the immobilized enzyme. The Cu-MOF-based bisphenol biosensor had a
response time for BPA detection of less than 11 s, and not only displayed selectivity for bisphenols
but also for heavy metal ions.96
Patra et al.97 also developed a sensitive biosensor for the detection of glucose by using
MIL-100(Fe) and Pt-nanoparticle composites as supports for GOx immobilization. The resulting
biosensor displayed a high sensitivity of 71 mA M-1 cm-2, a low limit of detection of only 5 µM,
and a low response time of less than 5 s. The positive results were attributed to the improved
performance of the enzyme due to the transfer of the Fe ions from the center of the MIL-100(Fe)
structure.
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3.6 Conclusions and Outlook
MOFs diversity in structure and in physicochemical properties, user-guided design and
functionality, large surface area, and uniform and controlled pore geometries have all led to their
increased implementation as platforms for enzyme immobilization. However, even though the
examples discussed in this chapter demonstrated increased enzyme performance due to such MOF
interfaces, the field of enzyme-MOF conjugates and their implementation in industry is still in its
infancy. The limited analysis of system robustness and stability not only restricts its large-scale
implementation, but also caps the potential for extended applications. For instance, surface
adsorption cannot effectively avoid enzyme leaching due to the weak enzyme-support interaction.
Further, the proximity of the supports leads to enzyme denaturation. Covalent binding can
overcome the drawback of the weak binding force imposed by a direct surface contact; however,
such binding does not protect the immobilized enzymes from harsh environments, which further
hinders implementation. Additionally, while encapsulation successfully avoids enzyme leaching
and shields the immobilized enzymes from potentially harsh environments, such an
immobilization strategy is limited by the controllability and user-specificity of the synthesized
pore sizes that are required to match the size of the enzyme. Lastly, the in situ method limits the
ability to synthesize a variety of enzyme-MOF conjugates as it requires mild conditions and waterbased precursors.
The future of enzyme-MOF conjugates will be dictated by the pace of exploration into the
functionality and synthesis methods of MOFs and how such methods could be interfaced with the
specific, limited shelf life and compatibility of the enzymatic system being implemented. The
mechanisms that could potentially lead to the design of a functional, novel, and highly specific
enzyme-MOF conjugate or hierarchical hybrid with increased enzyme performance and
implementation capability need to be further investigated. Fully understanding these mechanisms
would not only ensure practical applications in ex vivo environments, but would further develop
robust, biocatalytic-based industrial processes. Moreover, efficiency and stability would be
increased, while the overall cost and labor needed for design, user-preparation training (when
large-scale implementation is being considered), and studying the real operational conditions of
the enzyme would be reduced. These factors will, in part, define the overall market operational
integration and capability. As such, future studies should explore (1) the development of novel,
organic linkers that can be easily obtained and integrated at a low cost; (2) large scale production
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of biocatalysts that are stable in a variety of operational conditions; (3) the development of design
strategies that allow for control of the interface between the enzyme and the MOF support to ensure
high activity and stability; (4) the overall performance of the immobilized enzymes based on the
presumed industrial settings (e.g., types of reactors) and conditions (e.g., temperature and chemical
environments); and (5) an economic evaluation analysis of the entire cost of enzyme-based process
applications in an industrial setting to enable high yield and adaptable integration of various
platforms.
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Chapter 4
User-tailored Metal-Organic Frameworks as Supports for Carbonic
Anhydrase (doi.org/10.1021/acsami.8b14125)

Abstract
Carbonic anhydrase (CA) was previously proposed as a green alternative for
biomineralization of carbon dioxide (CO2). However, enzyme’s fragile nature when in synthetic
environment significantly limits such industrial application. Herein we hypothesized that CA
immobilization onto flexible and hydrated “bridges” that ensure proton-transfer at their interfaces,
leads to improved activity and kinetic behavior and potentially increases enzyme’s feasibility for
industrial implementation. Our hypothesis was formulated considering that water plays a key role
in the CO2 hydration process and acts as both the reactant as well as the rate-limiting step of the
CO2 capture and transformation process. To demonstrate our hypothesis, two types of usersynthesized organic metallic frameworks (MOFs, one hydrophilic and one hydrophobic) were
considered as model supports and their surface characteristics (i.e., charge, shape, curvature, size
etc.) and influence on the immobilized enzyme’s behavior were evaluated. Morphology,
crystallinity and particle size, and surface area of the model supports were determined by scanning
electron microscopy, dynamic light scattering and nitrogen adsorption/desorption measurements
respectively. Enzyme activity, kinetics and stability at the supports interfaces were determined
using spectroscopical analyses. Analysis showed that enzyme functionality is dependent on the
support used in the immobilization process, with the enzyme immobilized onto the hydrophilic
support retaining 72% activity of the free CA, when compared to that immobilized onto the
hydrophobic one that only retained about 28% activity. Both CA-MOF conjugates showed good
storage stability relative to the free enzyme in solution, with CA immobilized at the hydrophilic
support also revealing increased thermal stability and retention of almost all original enzyme
activity even after heating treatment at 70 °C. In contrast, free CA lost almost half of its original
activity when subject to the same conditions. This present work suggests that MOFs tunable
hydration conditions allow high enzyme activity and stability retention. Such results are expected
to impact CO2 storage and transformation strategies based on CA and potentially increase userintegration of enzyme-based green technologies in mitigating global warming.
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4.1 Introduction
Carbonic Anhydrases (CAs) are an attractive class of enzymes commonly found in
animals,1 plants2 and bacteria.3 CAs are known to maintain the acid-base balance in the blood and
tissues by catalyzing the rapid inter-conversion of carbon dioxide (CO2) and water to
bicarbonate and protons respectively.4 As such, CAs are considered some of the fastest enzymes
due to their ultrahigh turnover of up to ~105 s-1 as well as their ability to respond to small pH shifts
and/or changes in CO2 concentration.5 Because of their role in such complex physiological
processes, CAs have found many biomedical engineering applications as inhibitors6 or activators
in drug design7 or for biosensors.8 Recently, the applicability of CAs was also extended to include
green technologies aimed at reducing the E-factor of a chemical process, where the E-factor is
defined as the weight ratio of waste generated to product being formed.9 For instance, ex vivo
studies in the area of CO2 capture showed enhanced capability for CO2 sequestration when novel
membrane technologies,10 CA-based reactors and systems,11 or combination of CA and CO2
adsorbents,12 were integrated. However, in such cases, the robust biocatalytic efficiency for CO2
hydration was limited by enzyme’s fragile nature, its short life-time in an in vitro environment,
low stability under synthetic operation conditions, poor reusability, and overall poor high
temperatures tolerance.13,14
Enzyme immobilization on solid supports was considered as a key strategy to overcome
synthetic applications-related drawbacks. Previous studies in our group and others have showed,
for instance, that enzyme immobilization not only offers a more effective control of the enzymedriven reaction at a variety of interfaces but also, enhances enzyme stability in both storage and
operational conditions.15,16 Strategies based on direct covalent immobilization or covalent
immobilization through spacers also showed that enhanced flexibility could be achieved at the
support to lead to an extended enzyme functionality and increased life-time storage.17 However,
in such studies, the performance of the immobilized enzyme was significantly affected by the
nature of the support itself, including its surface properties, porosity, curvature and size.18,19 For
CA specifically, studies showed that enzyme interactions with polyurethane foam,20 magnetic
materials,13 hydrogels,21 silica-based materials,22 or zeolites23 often caused enzyme’s physical or
chemical alterations as well as changes in its overall functionality and product yield. In some
cases,24,25 CA was shown to maintain less than 60% activity relative to its free counterpart in
solution. The highest functionality was apparent for the enzyme immobilized onto titanium dioxide
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(TiO2) nanoparticles, with such immobilized CA retaining about 87 % activity.26 However, when
operation stability of such enzyme-based conjugates was evaluated, CA was only shown to be
active at room temperature conditions. The reduced enzymatic performance was attributed to the
specific interaction between the enzyme and supports or the nature of the supports themselves.24,25
Specifically, it was shown that immobilization onto hydrophobic surfaces or onto particles with
large sizes induced high degree of enzyme unfolding; larger curvatures also led to low support
coverage due to protein-protein repulsions.19 Before CA-based strategies for the CO2 conversion
could be implemented in industrial settings there is not only a need to control the changes that the
enzyme could undergo at support interfaces but further, there is imperious to ensure enzyme long
lasting stability in different operational conditions as well as its increased shelf-life. These have to
be achieved towards the beneficial trend that will allow increased functionality and high efficiency
for CO2 transformation.
Herein we hypothesize that supports with tunable hydration conditions and flexibility allow
for increased enzyme activity as well as stability retention, and could lead to enzyme-based
conjugates with increased operational shelf-life. To demonstrate this hypothesis, we used in house
synthesized metal-organic frameworks (MOFs) i.e., porous crystal materials constructed by
linking metal or metal clusters with organic ligands through coordination bonds.27 The water stable
aluminium (Al)-based MIL-16028,29 was synthesized to represent a hydrophilic support, while the
zeolitic imidazolate hydrophobic ZIF-830 was synthesized to represent a hydrophobic one. MIL160 is also known for its low synthesis cost, good water stability and good heat capacity,28,29 while
ZIF-8 is known for its easy synthesis and large scale implementation.31 Our combinatorial analysis
based on spectroscopy and computational approaches showed that MOFs have high potential to
fill in the gap for developing tailored supports that could ensure extended implementation
capability of CA-based conjugates. It is envisioned that by combining MOF’s ability to serve for
water-assisted proton conductivity,32-34 their large surface area, tuned porosity and flexibility, usercontrolled modification and mild synthesis conditions,35-38 highly efficient and robust CA-MOFbased membrane reactors could be generated for continuous benign transformation of CO2 and
extended industrial and biomedical applications.
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4.2 Materials and Methods
4.2.1 Chemicals
2, 5-furandicarboxylic acid (98%, Alfa Aesar), aluminum chloride hexahydrate (99%,
Acros Organics) and sodium hydroxide (extra pure, Acros Organics) were used for MIL-160
synthesis. Zinc nitrate hexahydrate (98%, Acros Organics) and 2-methylimidazole (97%, Alfa
Aesar) were used for ZIF-8 preparation. Tris(hydroxymethyl)aminomethane (99%, Alfa Aesar)
was used for buffer preparation (Tris buffer). Carbonic anhydrase (CA) from bovine erythrocytes
(E.C.4.2.1.1) was purchased from Sigma-Aldrich. P-nitrophenol acetate (p-NPA, Acros Organics)
was used as substrate for assessing CA’s activity. Bicinchoninic assay (BCA) kit (Thermo
Scientific) was used to evaluate enzyme loading onto MOF surfaces. Acetonitrile (Thermo
Scientific) was adopted as the solvent of p-NPA. All the chemicals were commercially available
and they were employed without further treatment.

4.2.2 Preparation of MIL-160 Particles
MIL-160 was synthesized using a hydrothermal method. Briefly, 2, 5-furandicarboxylic
acid, aluminum chloride hexahydrate and sodium hydroxide were dissolved in deionized water in
a mole ratio of 1.0: 1.0: 2.1: 1000. The reactants were then dosed in a Teflon-lined stainless steel
autoclave and heated at a temperature of 363 K for 24 h. After hydrothermal reaction and cooling
to room temperature, the products were filtered on cellulose filters of Grade 1 (Whatman), and
washed intensively with deionized water to remove any of the unreacted species. Subsequently,
the filter paper was dried overnight at room temperature and the resulting products were removed
and stored in a vacuum chamber, again at room temperature.

4.2.3 Preparation of ZIF-8 Particles
ZIF-8 was synthesized by rapid mixing the zinc nitrate and 2-methylimidazole solutions at
room temperature for about 10 hours.31 Briefly, 0.117 g zinc nitrate hexahydrate in 1 mL deionized
water was added to a solution of 2.27 g 2-methylimidazole in 10 mL deionized water. The
reaction’s product was collected by centrifugation at 5000 rpm for 8 min, washed with deionized
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water for several times to remove any non-precipitated species, dried at room temperature and
stored in a vacuum chamber.

4.2.4 Characterization of MOFs
The morphologies of the synthesized MIL-160 and ZIF-8 MOFs were investigated by field
emission scanning electron microscopy (FESEM). FESEM micrographs were taken on S-4800
(Hitachi) with a cold field emission gun operating at 4 kV and 10 JA respectively.
Phase purity and crystallinity of the synthesized MOFs were confirmed by X-ray
diffraction (XRD). For this, powders of MOFs were analyzed using a Bruker D8 ADVANCE Xray diffractometer with CuKa radiation at 40 kV and 40 mA; the XRD patterns were recorded in
refection mode, at room temperature and under ambient conditions.

4.2.5 Preparation of CA-MOF Conjugates
CA was immobilized onto MIL-160 and ZIF-8 respectively by physical adsorption. Briefly,
MIL-160 or ZIF-8 dispersions consisting of 2 mg corresponding particles in 1mL pH 7.5 Tris
buffer were mixed with 1 mL CA solutions (in pH 7.5 Tris buffer) of different concentrations (i.e.,
0.05, 0.25, 0.5, and 1.0 mg/mL respectively). The mixture was subsequently incubated at room
temperature for 2 h with shaking at 200 rpm. The CA-MOF conjugates were recovered by
centrifugation at 5000 rpm for 5 min, washed with Tris buffer to remove loosely bound enzyme,
with the washes being recovered and their volumes being recorded. Finally, the conjugates were
stored at 4 °C for subsequent enzyme-based assays.

4.2.6 Enzyme Loading Assessment
Standard BCA assay, also known as the Smith assay was used to determine enzyme loading
or amount of enzyme per amount of MIL-160 or ZIF-8 MOFs being used.15 Briefly, 1 mL of
working reagent containing 50 parts of reagent A with 1 part of reagent B (reagents were provided
stock with the BCA assay kit) was mixed with 50 μL of enzyme solution (either from the
supernatant or the collected washes) and incubated at 37 °C for 30 min. Absorbance at 562 nm
was recorded for each sample using an UV−VIS spectrophotometer (UV2600 Shimadzu) and
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compared to a calibration curve of known concentrations of the CA in the working reagent. Every
experiment was repeated at least 3 times. Loadings were calculated using equation 4.1:

Enzyme loading (mg/mg)=(C0V0- C1V1-∑CiVi)/ Ws (4.1),

where C0 and V0 are the initial concentration and volume of CA solution, C1 and V1 are the
concentration and volume of supernatant, Ci and Vi are the concentration and volume of CA
solutions produced during the washing steps respectively, and Ws is the mass of the supporting
material used for CA immobilization respectively.

4.2.7 Assessment of CA Activity
The specific activity of CA (i.e., free or immobilized) was assessed by monitoring the
hydrolysis of p-NPA at 400 nm. For this, 0.1 mL of free or immobilized CA was mixed with 0.8
mL Tris buffer solution and 0.1 mL of p-NPA (2.0 x 10-2 M in acetonitrile). Varying concentrations
of the substrate under a constant enzyme concentration were also used. The absorbance was
monitored every 2 min over a total period of 20 min. Blank experiments were also conducted to
estimate the self-dissociation of p-NPA in each of the solutions being used. Every experiment was
repeated at least 3 times.

4.2.8 Circular Dichroism Measurement
A Circular Dischroism
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spectropolarimeter (JASCO J-810) employing constant N2

flushing was used to record any changes in the enzyme structure imposed by its immobilization
onto MOFs. Far-UV CD spectra were obtained by scanning the samples in 50 mM
potassium/sodium phosphate buffer, pH 7.5 in a quartz cell with the path length of 1 mm. Each
CD spectrum represented the average of 3 scans obtained by collecting data every 0.5 nm intervals,
with an integration time of 1s. Three separate scans were inter-compared before summation to
detect possible alternations during the scan period. A reference solution was used as control. The
ellipticity was reported as mean residual molar ellipticity ([θ]), in mdegree cm2 dmol-1.
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4.2.9 Dynamic Light Scattering Measurement
The size distribution of MIL-160, CA-MIL-160, ZIF-8 and CA-ZIF-8 samples was
determined by dynamic light scattering (DLS) via a Mastersizer 2000 with a Hydro 2000S
accessory (Malvern Instruments). For this, the samples were dispersed in Tris buffer (pH 7.5) and
then dropped into a Hydro 2000S until laser obscuration was within 10–20 %. The size analysis
was performed 3 consecutive times with a stirrer speed of 1750 rpm.

4.2.10 Fourier Transform Infrared Spectroscopy Measurement
Chemical composition of the samples (i.e., CA, MIL-160, CA-MIL-160, ZIF-8 and CAZIF-8 respectively) was determined using Fourier Transform Infrared Spectroscopy (FTIR) and a
Digilab FTS 7000 equipped with a diamond Attenuated Total Reflection 154. Scans were collected
in the range of 4000–400 cm− 1 at a resolution of 4 cm− 1; a total of 128 scans were co-added to
form the final spectrum for each of the samples. Experiments were performed 3 times for all
samples.

4.2.11 Zeta Potential Measurement
Zeta potential of CA, MIL-160 and ZIF-8 in 50 mM Tris buffer were measured by a
Zetasizer ZS (Malvern Instruments, Westboro, MA). For this, the samples were dispersed in Tris
buffer (pH 7.5) with the concentration of 0.05, 1.0 and 1.0 mg/ml for CA, MIL-160 and ZIF-8
respectively. MIL-160 and ZIF-8 was dispersed in the Tris buffer thoroughly by sonicating 30 min
before the measurement. The measurement was performed 3 consecutive times for every sample.

4.2.12 Contact Angle Measurement
Water contact angle measurements were conducted by a microscope (Dino-lite) capturing
the photograph and a pipette (Thermal Scientific, Matrix) automatically controlling the droplet
with 2 uL. Then, Image J was used to measure the contact angle. The sample of MIL-160, ZIF-8,
CA-MIL-160 and CA-ZIF-8 were prepared by filtering their dispersions to form a uniform a film
on the surface of the filter.
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4.2.13 Stability of CA-MOF Conjugates
Storage stability of free CA and CA-MOF conjugates was determined by storing the free
enzyme of enzyme-based conjugates in Tris buffer and at room temperature for a period of up to
30 days. Samples’ catalytic activity was monitored every 3 days during the storing time; every
experiment was repeated at least 3 times.
Thermal stability of free CA and CA-MOF conjugates was assessed by incubating the
enzyme or enzyme-based conjugates at varying temperatures (50, 60 and 70 °C respectively) for
0.5 h and then evaluating resulting changes in enzyme’s catalytic activity; changes were reported
relative to the activity of free enzyme in solution. Every experiment was repeated at least 3 times.

4.2.14 Computational Analysis
Molecular dynamics (MD) simulations were performed in GROMACS simulation package,
version 5.1.4 using force field parameters contained in GROMOS43A1. Initial structure of CA
(protein code: 1V9E) for MD simulations was obtained from RCSB Protein Data Bank at
resolution of 1.95 Å. The protonation states of titratable amino acids on CA were determined at
pH 7.5 and at the enzyme’s isoelectric point (pI) of 6.4. The conformations of the systems for MD
simulation were generated by inserting CA at pH 6.4 and CA at pH 7.5 into boxes of length 9.0
nm and subsequent solvation with simple point charge water molecules.39 Chloride ions were also
added to the systems for charge neutralization of the overall systems.
Energy minimization was performed via the steepest descent minimization algorithm at a
limit of 1,000 minimization steps and until the systems reached a total force less than 1,000
kJ/mol/nm. Temperature equilibration was conducted with an NVT ensemble (constant number of
molecules-N, constant volume-V, and constant temperature-T respectively) at 300 K for 100 ps.
Pressure equilibration was carried out with an NPT ensemble (constant number of molecules-N,
constant pressure-P, and constant temperature-T respectively) at 1 bar for 100 ps. Temperature and
pressure conditions of the enzyme were selected so to simulate ambient operating conditions.
Following the two-equilibration steps, a MD simulation was run for 1 ns employing the leap-frog
integrator. Bond lengths were constrained by the implementation of linear constraint algorithm
solver.40 Temperature and pressure coupling were achieved via V-rescale41 and Parrinello-
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Rahman,42 respectively. Particle Mesh Ewald43 algorithm was used to compute long-range
electrostatic interactions.
The end structure of the MD simulation of CA in its protonation state at pH 7.5 was
visualized in the UCSF Chimera package. The Kyte-Doolittle hydrophobicity scale was mapped
onto the energy-minimized end-structure surface of CA and was further applied to the total
structure of CA for analysis of hydrophilic-hydrophobic interactions. Conformational differences
between CA at pH = 6.4 and CA at pH = 7.5 were assessed using the GROMACS root mean square
deviation program.

4.3 Results and Discussion
4.3.1 Synthesis and Characterization of Metal-Organic Frameworks
In this study, two model Metal-Organic Framework (MOF) systems were considered for
enzyme adsorption namely, MIL-160 a model for hydrophilic29 and ZIF-8, a model for
hydrophobic30 supports respectively. The hydrophilic MIL-160 was synthesized by established
hydrothermal method that allowed for 4 AlO6 octahedra to be linked in a three-dimensional (3D)
framework by 2, 5-furandicarboxylic acid (FDCA) ligands, while the hydrophobic ZIF-8 was
synthesized by mixing zinc nitrate hexahydrate with 2-methylimidazole (2-Mim) solution to allow
for the Zn2+ to be linked in a zeolite-like topology.
Fourier Transform Infrared Spectroscopy (FTIR) confirmed MOFs chemical composition
and showed the FDCA linker peaks at 1674 and 1275 cm-1 as associated with C=O and C-O bonds
respectively; the peaks disappeared in the spectra of MIL-160 thus confirming linker’s integration.
Complementary, the characteristic peaks at 1581 and 1414 cm-1 associated with C=C bond of the
furan ring and peaks at 962 and 825 cm-1 assigned to C-H bond were retained however with
reduced intensity relative to that of FDCA control,44 indicating the formation of coordination
bonds between carboxyl group and Al atoms (Figure 4.1a). For ZIF-8 (Figure 4.1b), the recorded
peak at 1567 cm-1 was assigned to the C=N stretching mode, while the intense and convoluted
bands in the 1388–1522 cm-1 range were associated with the entire imidazole ring stretching. The
bands in the spectral region from 900 to 1364 cm-1 were for the in-plane bending of the ring, while
those below 800 cm-1 were assigned to the out-of-plane ring bending.45 Compared with the FTIR
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spectra of 2-Mim, the peaks at 1845, 1675 and 1596 cm−1 in the IR-spectra of 2-Mim attributed to
the skeleton vibration of the imidazole ring disappeared in the FTIR spectra of ZIF-8,46 presumably
indicating the coordination bond formed between 2-Mim and Zn2+ respectively.
MOF morphologies were further evaluated by Field Emission Scanning Electron
Microscopy (FESEM). Analysis showed that MIL-160 displayed cubic geometries (Figure 4.1cinsert and Supporting Information Figure S4.1) with clear sharp edges (Figure 4.1c), while
synthesized ZIF-8 displayed rhombic dodecahedral geometries (Figure 4.1d and 1d insert, and
Supporting Information Figure S4.2). Such user-synthesized MOFs also showed smooth surfaces,
and no cracks or residuals being identified in their individual phases, thus indicating pure crystal
composition.47 Moreover, for the MIL-160, the “cubes” seemed to be formed from sheets-like,
parallel structures aligned on defined planes (Support Information Figure S4.3), with the alignment
being most likely developed during the crystal growth process when the two carboxylic groups of
the FDCA linker attached to the opposite sites of the central furan ring to act as the building unit
of the MIL-160. Complementary, the observed rhombic dodecahedral geometries of ZIF-8 seemed
to provide an overall granular aspect of the SEM-analyzed sample most likely due to Zn2+ being
coordinated by two interstitial N atoms in the imidazole ring of 2-Mim.
While for ZIF-8 previous reports showed similar results to the ones reported herein,31 to
our knowledge, this is the first demonstration of a high degree of regular geometries when
considering MIL-160 user-synthesized MOFs.28 A granular morphology was previously reported
for lab-synthesized MIL-16028 with the difference in between this study and ours being presumably
due to the different synthesis methods being used. Specifically, we used a hydrothermal method,
while Permyakova et al., used a reflux-based method. Herein, the hydrothermal method did not
only allow for a more controlled crystal growth but further, it limited residual material formation.
In the case of Permyakova et al., the reflux-based method led to non-regular blocks with broad
size distribution and significant residual materials. Such observations highlight not only the tight
synthesis conditions of the herein used synthesis method, but also hint at an oriented growth of the
crystal which could rapidly align such that their major axes are parallel to the direction of the
growth.48
X-Ray Diffraction (XRD) confirmed the monophasic crystal nature of both lab synthesized
MOFs, with Figure 4.1e showing the characteristic patterns of MIL-160 and Figure 4.1f displaying
the peaks of the ZIF-8. Specifically, MIL-160 peaks were recorded at 8.4ᶱ, 9.4ᶱ, 11.98ᶱ, 15.2ᶱ, 18.8ᶱ,
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22.8ᶱ, and 27ᶱ and were assigned to the planes (020), (011), (220), (031), (022), (051), and (502)
respectively.28 The strong peaks observed at (020), (031) and (051) confirmed the oriented growth
of the MIL-160 crystals and its cubic geometry49 thus supporting the above SEM results. Similarly,
the XRD peaks of ZIF-8 displayed at 7.5ᶱ, 10.33ᶱ, 12.8ᶱ, 14.7ᶱ, 16.5ᶱ and 18ᶱ were attributed to
planes (011), (002), (112), (022), (013), and (222) respectively. MIL-160 had the space group of
I41md and the lattice constants a and c of 21.004 Å and 10.479 Å respectively, confirming
simulated values reported previously.29 Complementary, XRD results for as-synthesized ZIF-8
confirmed the rhombic dodecahedral crystal formation and the lattice constant of a=16.96 Å, again
as previously reported.50 Lastly, all the characteristic peaks had low signal to noise ratios thus
indicating the high purity of the lab synthesized MOFs as well as the good retention of their
crystallinity and structural integrity, with the high crystallinity being also revealed by the
sharpness of the peaks.51
Dynamic light scattering (DLS) (Figure 4.1g) showed distributions with an average size of
about 6.9 µm for MIL-160 and 1.72 µm for ZIF-8. The broader size distribution of MIL-160 (from
7.26 to 23.4 µm) was likely due to the crystal inter-grown occurring during the hydrothermal
synthesis process as shown in the Figure 4.1c. For ZIF-8, the size distribution ranged from 0.95 to
8.71 µm which is higher than the previously reported data31 and it is probably due to formed
agglomerates in the buffer solution being used. Nitrogen (N2) adsorption/desorption measurement
(Figure 4.1h) confirmed the microporous structures of MIL-16029 and ZIF-8, and the increase in
the absorbed volume at very low relative pressure thus showing that they exhibited the classic
type I adsorption behavior. 31 A second uptake at high relative pressure was indicative of the
existence of textural meso/macroporosity presumably resulted from packing of individual MOFs.
Derived from the N2 adsorption data, MIL-160 and ZIF-8’s Brunauer-Emmett-Teller (BET)
surface areas were 919.3 and 1070.7 m2/g, while Langmuir surface area were 1131.8 and 1315.6
m2/g respectively. The BET value of ZIF-8 was supported by previous reports,31 while that of
MIL-160 was slightly lower than previously reported value most likely due to the different
synthesis methods being used.28,29 Zeta potential of MIL-160 and ZIF-8 in the working buffer at
pH 7.5 were -29.2 ±2.2 and 38.5 ±2.5 mV respectively, likely due to the protonated FDCA in MIL160 and the coordination of the (HOCH2)3CNH3+or Zn2+ for ZIF-8 respectively. Lastly, the
excellent hydrophilicity of synthesized MIL-160 (complete water coverage) and overall
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hydrophobicity of ZIF-8 (105.7±5.5˚) were confirmed by contact angle measurements (Supporting
Information Figure S4.4).

Figure 4.1. FTIR of FDCA and MIL-160 (a), and 2-Mim and ZIF-8 (b) respectively; SEM
morphologies (c) and topologies (insert) of MIL-160 (c) and ZIF-8 (d); XRD spectra of MIL-160
(e) and ZIF-8 (f); particle size distribution of MIL-160 and ZIF-8 in Tris buffer, pH 7.5 (g); N2
sorption isotherms of MIL-160 and ZIF-8 at 77.35 K (h).
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4.3.2 Enzyme-Based Conjugates Formation and Characterization
4.3.2.1 Enzyme Characteristics
User-synthesized MOFs were employed as supports for carbonic anhydrase (CA)
immobilization; CA was previously proposed as the next green alternative for efficient CO2
capture and transformation. Our hypothesis was that CA immobilization onto MOFs will not only
allow for creating a nanoscale environment capable to preserve enzyme activity but further, the
porous aspect of the particles will increase water adsorption capability by providing “controlled
bridges” for the proton-transfer at enzyme’s interface, enhancing CA functionality and stability.
Our hypothesis was formulated considering that water plays a key role in the CO2 hydration
process and acts as both the reactant as well as the rate limiting step of the reaction52 in such
capture and transformation process.
CA from bovine erythrocytes was used. Figure 4.2a shows enzyme protonation state at the
working pH as visualized in UCSF Chimera package, with the active site (black part) formed from
HIS94, HIS96, HIS119 amino-acids and Zn. Our computational studies revealed that enzyme’s
atomic composition consisted of 46.9% C, 30.6% O, 15.0% N, and 7.5% H to lead to a molecular
weight of 58.2 kDa. CA’s aliphatic index value was 75.64 and its instability index was 23.83. The
grand average hydropathicity was -0.539 (Figure 4.2b) indicating that CA is comprised of a greater
number of net hydrophilic than net hydrophobic amino acids in an energy-minimized, free state
(Figure 4.2c). It was further determined that the active site cavity of the enzyme could exhibit a
good amount of hydrophilic interactions relative to the overall surface hydropathicity as predicted
by the Kyte-Doolittle hydrophobicity scale. Lastly, conformational comparison of CA at pH 7.5
(i.e., working pH; Supporting Information Movie S4.1) to its isoelectric conformation at pH 6.4
(i.e., its isoelectric point-pI; Supporting Information Movie S4.2) shows that the average root mean
square deviation (RMSD) of the two conformations was about 0.439 nm (Figure 4.2d).
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Figure 4.2. (a) Atomic rendering of dimeric CA; (b) hydropathicity of CA as predicted by
Kyte-Doolittle hydrophobicity scale; the red line demarks the grand average hydropathicity value;
(c) Kyte-Doolittle hydrophobicity scale mapped onto the energy-minimized surface of CA at
working pH 7.5.; (d) RMSD of conformation of CA at working pH of 7.5 relative to its
conformation at pI 6.4, with the red line demarking average deviation.

4.3.2.2 Enzyme Loading, Activity and Kinetics at MOF Interfaces
Physical adsorption of CA onto MOFs was performed using established protocols15 to
obtain CA-MOF conjugates (either CA-MIL-160 or CA-ZIF-8). Enzyme immobilization was
confirmed both by N2 adsorption/desorption measurements as well as by traditional spectroscopic
assays. Specifically, for the first, N2 sorption isotherms of CA-MIL-160 and CA-ZIF-8 conjugates
(Supporting Information Figure S4.5) revealed classic type I adsorption behavior, similar to the
behavior of the in house synthesized microporous structures of MIL-160 and ZIF-8 respectively
(as previously shown in Figure 4.1h). The resulting BET surface area of the conjugates was 847.8
and 919.8 m²/g for CA-MIL-160 and CA-ZIF-8 respectively, which was reduced by only about
7.8 and 14.1% relative to MIL-160 and ZIF-8 MOFs. For the second, spectroscopical analysis
based on bicinchoninic assay showed that enzyme loading or the amount of enzyme immobilized
relative to the amount of support being used increased linearly with the amount of enzyme being
offered, with the highest loading of 0.57 ± 0.03 mg enzyme/mg MIL-160 and 0.88 ± 0.05 mg
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enzyme/ mg ZIF-8 support respectively (Figure 4.3a), both at an initial enzyme concentration of
1.0 mg/ml.
Results also showed that increased CA loading resulted in decreased specific activity (or
the activity of the immobilized enzyme relative to the activity of the same amount of free enzyme
in solution) as evaluated using established p-nitrophenyl acetate (p-NPA) hydrolysis spectroscopic
assay.26 The observed difference in the specific activity was support dependent. Specifically, at
the highest loading, the enzyme retained about 15 % activity onto MIL-160 and 28 % activity onto
ZIF-8 support respectively. This was in contrast with the maximum activity retained which for
MIL-160 was about 72 % at a loading of 0.035 ± 0.05 mg enzyme/ mg support, and about 36 %
for ZIF-8 at a loading of 0.054 ± 0.05 mg enzyme/ mg support.

Figure 4.3. (a) Enzyme loading and specific activity at the MIL-160 and ZIF-8 supports;
enzyme activity was reported relative to the activity of free CA in solution; (b) kinetics of CAMIL-160 conjugates prepared under varying initial CA concentrations; (c) kinetics of CA-ZIF-8
conjugates prepared under varying initial CA concentrations; (d) kinetics comparisons of CA-MIL160, CA-ZIF-8 and free CA under the same initial CA concentration of 0.05 mg/ml.

Michaelis-Menten kinetics of the CA-MOF conjugates (either CA-MIL-160 or CA-ZIF-8)
were assessed under varying concentration of substrate p-NPA,53 and are shown in Figure 4.3 b-d,
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with the corresponding kinetic parameters Vmax (the maximum rate of reaction), Km (MichaelisMenten constant), and kcat (enzyme turnover) included in Table 4.1 (all kinetic parameters were
calculated based on the amount of CA used in the reaction, with the equations used being
summarized in Supporting Information, i.e., equations S4.1-2).

Table 4.1. Michaelis-Menten kinetics of CA-MOF conjugates reported relative to free CA.

2
1

CCA,0
(mg/ml)
3

Free CA

CA-MIL-160

LCA

Vmax
Km (mM)

kcat (s-1)

kcat/Km

(mg/mg
support)

(mM/mg CA/s)

-------

--------

0.25±0.05

63.4±2.0

71.1±6.0

1122.0±110.2

0.05

0.035±0.05

0.18±0.03

70.9±8.0

62.5±5.0

880.6±79.5

0.25

0.13±0.002

0.052±0.003

73.4±9.0

15.0±2.0

203.6±18.5

0.50

0.35±0.001

0.035±0.002

76.5±7.0

10.1± 1.0

132.1±21.3

1.00

0.57±0.001

0.038±0.001

86.3±5.0

10.9±1.0

126.1±14.5

0.05

0.054±0.05

0.089±0.01

89.4±9.0

25.8±2.9

289.0±23.4

0.25

0.22±0.07

0.073±0.005

123.7±14.0

21.3±1.8

172.3±17.3

0.50

0.45±0.04

0.070±0.007

122.3±11.0

20.5±2.7

168.0±12.4

1.00

0.89±0.05

0.070±0.001

147.2±15.0

20.2±2.0

137.4±10.8

-1 -1
(M S )

CA-ZIF-8

1

CCA,0 refers to the initial concentration of CA for preparing CA-MOF conjugates

2L

CA

refers to the load of CA on MOF supports

3 The

concentration of CA used for comparison is equal to the CA loading of the CA-MOF conjugates used for the kinetic
parameter calculation.

Analysis confirmed that kinetics of the CA-MOF conjugates depended on both the initial
CA concentration offered to the support, as well as the support itself. Specifically, Vmax, kcat and
kcat/Km decreased with increased initial CA concentration, with the corresponding values being less
than those of the free CA in solution used as control. CA-MIL-160 conjugates showed improved
kinetic behavior relative to the CA-ZIF-8 conjugates with the Vmax of the CA-MIL-160 being about
72% of that of the free CA, i.e., 36.4% larger than that of the CA-ZIF-8 conjugates. Interestingly,
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for Km, CA-MIL-160 retained similar Km value as free CA, while the Km value of CA-ZIF-8 was
significantly higher than that of the free enzyme in solution. kcat of CA-MIL-160 was 87.4% of
that of the free CA, which was about 51 % higher than that of the CA-ZIF-8 conjugates.
Complementary, the catalytic efficiency (kcat/Km, generally used to evaluate the rate of enzyme
catalytically transform its substrate) of CA-MIL-160 was 78.6% of that of the free CA but three
times of CA-ZIF-8. Control kinetics experiments performed with MOFs in the absence of the CA
enzyme did not show any significant catalytic behavior at such support interfaces (Supporting
Information Figure S4.6).

3.3.3 Enzyme Functionality Analysis
We hypothesize that changes in enzyme activity and its kinetics at MOF interfaces are due to
the individual interactions or levels of interactions and subsequent induced deformation that the enzyme
undergoes upon immobilization, all to depend on both the enzyme’s and support’s characteristics (both
chemical and physical). Specifically:
3.3.3.1 Deformation Upon Binding Affects Enzyme Functionality
Previous analyses have showed that operational functionality of an enzyme is influenced
by changes in support hydrophilicity/hydrophobicity. For instance, hydrophilic interfaces were
shown to lead to less distortion when compared to the structural distortion index of an enzyme
immobilized at hydrophobic ones.54 Furthermore, enzyme immobilization at hydrophobic
interfaces was shown to lead to deformation and an exposed active site to favor hydrophobichydrophobic interactions and thus lead to loss of activity.55 Considering that our computational
analysis showed that a greater number of hydrophilic surface residues are present on CA in its
energy-minimized, free state (Figure 4.2b), it was expected that the enzyme will largely be
adsorbed via hydrophilic interactions onto the two supports being used. Indeed, analysis performed
via contact angle measurements confirmed the changes in the hydrophilicity/hydrophobicity of the
two MOFs used as supports upon CA immobilization, with CA-MIL-160 conjugates becoming
more hydrophobic (contact angle of 99.1±1.2˚, Supporting Information Figure S4.4c) and CAZIF-8 becoming more hydrophilic (contact angle of 41.2±1.0˚, Figure S4.4d).
Considering that MIL-160 was synthesized to provide hydrophilic while ZIF-8 to provide
a hydrophobic microenvironment for CA immobilization, MIL-160 was also expected to provide
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a more favorable microenvironment for enzyme’s structure retention. Indeed, analysis performed
using Circular Dichroism confirmed that the immobilized enzyme maintained its secondary
structure at the hydrophilic MIL-160 interface more so than at the hydrophobic ZIF-8 one (Figure
4.4a and b).56 Control experiments showed that the individual MOFs made no contribution to the
absorbance level (Supporting Information Figure S4.7); the CA concentration for controls was
equal to corresponding CA loading of the CA-MIL-160 and CA-ZIF-8 conjugates respectively.
Further, analysis of the secondary structural content by deconvolution of the CD data using CDNN
(Circular Dichroism Neural Networks analysis- Supporting Information Table S4.1) showed that
the helix structure of CA changed after attachment onto the MOF supports to show an about 6.0 %
increase for MIL-160 and about 22.4% loss for CA immobilized onto the ZIF-8. Correspondingly,
the random coil of CA-MIL-160 increased only with about 6 % while for CA-ZIF-8 the increase
was 11.5%.

Figure 4.4. Far-UV CD spectra relative to free CA respectively for CA- MIL-160 (a) and
CA-ZIF-8 conjugates (b) respectively; (c) FTIR spectra of CA, MIL-160, CA-MIL-160, ZIF-8 and
CA-ZIF-8; (d) Particle distribution of MIL-160 and ZIF-8 before and after CA adsorption.

Structure retention was also confirmed by FTIR spectroscopy (Figure 4.4c). Specifically,
free CA23,57 showed the characteristic peaks at 1598, 1492, and 1411 cm-1 as associated with the
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C=N stretching mode, N-H bending vibrations, and an aromatic ring with a low degree of
substitution, respectively. The 1598 cm-1 peak was however shifted for both CA-MIL-160 and CAZIF-8 conjugates to smaller wavelengths (around 1579 cm-1). Further, the characteristic peaks of
free CA at 1492 cm-1 and 1411 cm-1, again, while present were smaller for CA-MIL-160 and absent
for the CA-ZIF-8 conjugates. The presence of such peaks indicated the attachment of the enzyme
while the changes in the peak intensities indicated the different degrees of enzyme deformation at
the two MOFs, again, with a larger deformation at the ZIF-8 interface.58

4.3.3.2 Enzyme Functionality Depends on Support’s Characteristics
MIL-160 surface curvature estimated based on morphology (geometry) and individual
particle size analysis was lower than that of ZIF-8 thus explaining the higher retained activity of
the immobilized CA. Indeed, previous studies showed that changes in enzyme’s structure are a
result of the morphology (geometry) and size of support themselves,54 with supports with favorable
curvature being shown to allow for an optimal geometric congruence of the immobilized enzyme,
while supports with smaller size were shown to enable higher retained activity,15 and larger enzyme
loading26 due to their overall surface area.
Considering that the surface curvature could also affect binding affinity as well as the
adsorption/desorption/exchange kinetics of individual enzymes,59 the low curvature of MIL-160
was expected to allow for larger localized mobility of the immobilized enzyme more so than ZIF8. Indeed, previous studies showed that a “hoping mechanism” could lead to an enzyme being
propelled from a surface due to the formation of surface hydride species that result in its desorption
especially from highly curved surfaces.60 On the other hand, previous studies have also showed
that significantly stronger binding affinities to the under coordinated surface atoms than to closepacked counterparts exposed on the 115/115 facets could be achieved for an immobilized
enzyme.61 Thus, it was expected that MIL-160 would enable the formation of stronger bonds with
CA relative to its ZIF-8 counterpart thus leading to further correlation of protein dynamics with
the interfacial molecular structures through the proposed hopping mechanisms.59
To note, the overall chemistry of the MOF supports was not majorly affected by the
presence of the enzyme. In particular, the crystal structure as demonstrated by the XRD spectra of
MIL-160 and ZIF-8 maintained well after the enzyme adsorption process (Supporting Information
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Figure S4.8) of the conjugates that showed the same peak characteristic as that of the MOFs. There
was however a change in signal intensity noted for the peaks associated with furan ring in the FTIR
spectrum of CA-MIL-160 conjugates relative to that of MIL-160. Moreover, in the FTIR spectra
of CA-ZIF-8, the peak associated with C=N stretching was broaden and shifted toward higher
wavelength. Lastly, the broad peak between 1372 cm-1 further confirmed the successful
immobilization of CA on the ZIF-8 particles since it is known that both CA and ZIF-8 contain
imidazole ring with the intensity of the FITR peak from imidazole ring being enhanced for the
CA-ZIF-8 conjugates relative to ZIF-8 particles used as control. Such peaks modification was
presumably due to the individual enzyme-MOF bond formation upon enzyme physical adsorption
to thus further confirm changes in the contact angle and induced hydrophobicity/hydrophilicity.

4.3.3.3 Enzyme Functionality Is Influenced by the Enzyme Multipoint Attachment
The observed reduced catalytic activity and decreased rate of reaction of the immobilized
enzyme relative to its free counterpart could be explained by (1) the different levels of enzyme
deformation upon its physical binding to the individual support and/or (2) the enzyme-enzyme
interactions at a particular interface.183 For the first, it was previously confirmed that enzyme
physical binding onto solid supports leads to decreased enzyme-substrate affinity because of
decreased substrate accessibility.15,26 Increased Km in our study confirmed that the affinity of the
enzyme for the substrate was MOF depend, with a higher Km value defining a lower affinity of the
enzyme for its substrate as observed for the CA-ZIF-8 conjugates relative to that of the free CA
and MIL-160 support respectively.
For the second, previous studies showed that multilayer coverage leads to a loss of enzyme
activity due to spatial restrictions (such as hindrance effects) of the immobilized enzyme, limited
active site accessibility, or even denaturation resulted from enzyme-enzyme interactions upon
immobilization.62 Furthermore, multilayers formation were shown to lead to negative effects on
the reactant mass transfer as resulted from the substrate having to diffuse at the enzyme binding
site and/or the products being released upon the biocatalysis.63,64 Multilayer formation was also
previously shown to lead to protein-protein interactions at supports interfaces64 to be induced by
sulfur-aromatic,65 sulfur–sulfur and/or sulfur-carbon binding.66 Additionally, since the active
center of the CA is a complex binding cavity comprising from various hydrophobic and
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hydrophilic residues as well as water molecules, the multilayer formation could potentially enable
hydrophobic, van der Waals, electrostatics, and/or hydrogen bonding to lead to further enzyme
distortion and reduction in activity,64,67 more so for the ZIF-8 than for the MIL-160 given its
hydrophobic known characteristics thus further confirming both catalytic and kinetic changes at
the two interfaces as well as hydrophilicity/ hydrophobicity changes.
Indeed, our theoretical analysis showed that loading onto MOFs resulted in multilayer
coverage, more so for the ZIF-8 support. Specifically, theoretical analysis of maximum loading
mass (Lmax) for monolayer coverage was estimated using equations 4.2-4, i.e.:
𝐴 ∗𝑀𝐶𝐴

Lmax=𝐴𝑠

(4.2)

𝐶𝐴 ∗𝑁𝐴

6𝑚𝑠

AsMIL160=𝜌

(4.3)

1 ∗𝑎

3√6𝑚𝑠

AsZIF8= 2𝜌

(4.4),

2 ∗𝑎

where As is the external surface area of the support based on the mass ms being used in the
experiment; MCA is the molecular mass of CA (29000 g/mol); ACA is the cross-section area of CA
(16 nm2);26 NA is the Avogadro’s number (6.02 × 10 23); 𝜌1 and 𝜌2 are the density of the MIL16029 and ZIF-868 respectively, with the corresponding values of 1.15 and 0.95 g cm-3 respectively.
The estimated crystal edge length (a) for MIL-160 was 6.89 μm while that of the ZIF-8 was 1.72
μm. Analysis showed that the estimated loading mass for monolayer coverage on the surface of
the supports was 0.002 and 0.007 mg/mg for MIL-160 and ZIF-8 conjugates respectively, with
each of the calculations considering the overall external surface of the supports and their
microporous nature of less than 1 nm. Such theoretical results were about 91 % smaller for MIL160 and 84 % smaller for ZIF-8 than the obtained experimental results, thus validating multilayer
coverage. Multilayer coverage was further confirmed by DLS with analysis showing an increase
in particles size for the CA-MOF conjugates relative to their individual MOF support used as
control (Figure 4.4d). Size distributions followed the trend of the individual MOF supports (as
shown in Figure 4.1g) and averaged 6.93 µm for CA-MIL-160 within a broad distribution ranging
from 7.26 to 23.4 µm and an average of 1.83 µm for CA-ZIF-8 within a broad distribution ranging
from 1.1 to 10 µm respectively. This corresponds to about 6% increase in average for the CAMIL-160 relative to the control MIL-160 and to about 6.4% increase in average for the CA-ZIF-8
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relative to the control ZIF-8 supports. The increase in value is supported by previous reports which
showed enzyme free in solution has an overall diameter of 4.5 nm.26

4.3.4 Storage and Thermal Stability of CA–MOF Conjugates
Upon determining that immobilization onto MOF supports led to changes in enzyme
functionality and catalytic behavior, with such changes being controlled by the support
characteristics (i.e., physical and chemical), we evaluated the stability of the obtained CA-MOF
conjugates. Specifically, storage stability was evaluated upon storing CA-MOF conjugates at room
temperature for 30 days, with the activity being monitored every 3 days. Thermal stability was
investigated by heat treatment of the conjugates under various temperatures for 30 min. The
activity of the conjugates subjected to each such study was compared to the activity of the free CA
stored under the same conditions; Figure 4.5a shows the storage stability while the thermal stability
is shown in Figure 4.5b.

Figure 4.5. Stability of the CA-MOF conjugates: (a) Storage stability at room temperature
for 30 days; (b) Specific activity of CA, CA-MIL-160 and CA-ZIF-8 at room temperature after
heating treatment by incubating such conjugates under different temperatures (i.e., 50 ℃, 60 ℃
and 70 ℃) for 0.5 h.

Analysis showed that enzyme immobilized onto MOFs showed an overall enhanced
storage stability relative to free enzyme stored under the same conditions, with the displayed
retained activity of the CA-MIL-160 conjugates being about 80% of that of the CA-ZIF-8
conjugates and about 75% of their initial activity. Contrary, free CA lost nearly half of its initial
activity after 30 days of storage at room temperature.
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Complementary, enhanced thermal stability of the CA-MOF conjugates relative to their
free forms was demonstrated. Specifically, CA-MIL-160 conjugates retained all of their original
activity after heating treatment at 60℃ and only lost about 7% of their original activity after
heating treatment at 70 ℃. CA-ZIF-8 conjugates lost about 10% and 30% of their original activity
after heating treatment at 60 and 70 ℃ respectively. Contrary, free CA lost almost half of its
original activity after heating treatment at 70 ℃.
We hypothesize that the enhanced stability (both the storage and thermo stability) is
presumably due to the flexibility of the MOF interface and its possible influence on the
functionality of the immobilized enzyme. Specifically, the linker joints of MOFs would not only
allow for a more local flexible microenvironment capable to protect the enzyme from rigid multiattachment but further, it could potentially lead to cooperative enhancement of water affinity.
Moreover, the presence of the O atoms in the MIL-160 structure could additionally provide
abundant active sites for H bonds formation to preserve water-involved reactions. Indeed, previous
study revealed that hydrophobic chemically reduced graphene oxide (CRGO) was better at
improving the stability of the hydrophobic horseradish peroxidase (HRP) relative to its nonreduced counterpart mainly due to the hydrophobic-hydrophobic interaction that allowed for the
enzyme’s active site preservation.
For thermostability, the free enzyme will also be under the stress imposed by the increased
Brownian motion at the higher temperature to possibly lead to changes in its structural integrity as
resulted from increased internal energy.69, 70 Indeed, previous research has showed that the rate of
thermal fluctuations towards an enzyme-substrate transition state can be affected by molecular
motions to lead to incorrect refolding and intermolecular aggregation that will irreversibly induce
conformational changes and loss of enzymatic activity.14 Further, the excellent heat-storage
capacity of MIL-16028, 29 could enhance the high temperature tolerance of the immobilized CA
relative to its free forms.
These results are in agreement with previous studies showing that the enzyme’s storage
stability could be effectively improved through user-designed immobilization strategies.229 Further,
the improved storage stability of CA-MOF conjugates was comparable to that of recently reported
CA immobilized onto magnetic nanoparticles,13 TiO2 nanoparticles,26 SBA-15.22 Complementary,
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the high thermostability of CA-MIL-160 conjugates is approaching excellent thermal stability that
CA will encounter in the real industrial pilot level if it would be used for CO2 removal.12, 20

4.4 Conclusion
In this study, we showed that the functionality and catalytic behavior of CA could be
controlled by chosen suitable supports to be used for its immobilization. For this, hydrophilic and
hydrophobic MOF interfaces were user-synthesized and employed to evaluate the effects of
surface-enzyme interaction and how such effects depend on both the enzyme and the support
physico-chemical properties. Results indicated that the hydrophilic MOF showed good
performance and allowed retention of immobilized enzyme activity as well as enhancement of its
stability. Specially, CA-MIL-160 conjugates showed excellent biocatalytic activity and improved
kinetics relative to enzyme immobilized at hydrophobic ZIF-8 supports. Enzyme in the CA-MIL160 conjugates retained about 72% of the activity of free CA. Additionally, both CA-MIL-160 and
CA-ZIF-8 conjugates showed good storage capability with the CA-MIL-160 conjugate also
showing increased thermal stability. This study provides high and efficient candidate support
materials to be used for CA immobilization and control of its catalytic behavior with possible
future implementation in industrial setting for CO2 storage and transformation.
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4.7 Supporting Information
Information on the far-UV CD spectra of MIL-160 and ZIF-8 dispersions, SEM images of
MOFs, secondary structure of the immobilized CA in the CA-MIL-160 and CA-ZIF-8 conjugates,
water contact angle results of MOFs and enzyme-based conjugates, and analysis of the kinetic
parameter calculations are supplied.

Characterization of Synthesized MOFs
The morphologies of the synthesized MIL-160 and ZIF-8 MOFs were investigated by field
emission scanning electron microscopy (FESEM). FESEM micrographs were taken on S-4800
(Hitachi) with a cold field emission gun operating at 4 kV and 10 JA respectively. Analysis are
shown in Figure S4.1/S4.3 for MIL-160 and Figure S4.3 for ZIF-8.

Figure S4.1. SEM morphology of a single MIL-160 particle showing the cubic geometry.

Figure S4.2. SEM microscopy of ZIF-8 particles showing the rhombic structures.
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Figure S4.3. SEM of MIL-160 particles showing individual layer-layer structure.

Contact Angle Measurement
Water contact angle measurements were conducted using a microscope (Dino-lite) and a
pipette (Thermal Scientific) automatically controlling the droplet of each sample to 2 µL. Image J
was used to evaluate obtained photographs. Samples of MIL-160, ZIF-8, CA-MIL-160 and CAZIF-8 respectively were prepared by filtering their dispersions to form a uniform film on the
surface of the filter.

Figure S4.4. Water contact angle of MIL-160 (a) and ZIF-8 (b), and CA-MIL-160 (c) and CAZIF-8 (d) conjugates respectively.
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Conformational Differences of the Enzyme Structure Function of the pH:
Molecular dynamics (MD) simulations were performed in GROMACS simulation package,
version 5.1.4 using force field parameters contained in GROMOS43A1.230 Initial structure of CA
(protein code: 1V9E) for MD simulations was obtained from RCSB Protein Data Bank at
resolution of 1.95 Å.231 The protonation states of titratable amino acids on CA were determined at
pH 7.5 and at the enzyme’s isoelectric point (pI) of 6.4.232 The conformations of the systems for
MD simulation were generated by inserting CA at pH 6.4 and CA at pH 7.5 into boxes of length
9.0 nm and subsequent solvation with simple point charge water molecules.201 Chloride ions were
also added to the systems for charge neutralization of the overall systems. Conformational
differences between CA at pH = 6.4 and CA at pH = 7.5 were assessed using the GROMACS root
mean square deviation program and are shown in Supporting Movies S3.1 and S3.2 respectively.
https://www.dropbox.com/sh/0ks5msiql2b2cj6/AAALoUud-ixWdHc1AH2Uw00ca?dl=0
Nitrogen (N2) Physisorption Isotherms
N2 physisorption isotherms were measured at 77.35 K on an automatic volumetric
adsorption apparatus (Micromertics ASAP 2020). The samples were filled into glass ampoules and
degassed in high vacuum at 473 K for 24 h before the start of the sorption measurements.

Figure S4.5: N2 sorption isotherms of CA-MIL-160 and CA-ZIF-8 at 77.35 K.

N2 adsorption/desorption measurement of CA-MIL-160 and CA-ZIF-8 conjugates revealed
classic type I adsorption behavior similar to the microporous structure of MIL-160 and ZIF-8
respectively.
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Michaelis-Menten Kinetics
The following equations have been used to evaluate the kinetic behavior of enzyme-based
conjugates relative to free enzyme:

𝑉=
1
𝑉

=𝑉

𝐾𝑐𝑎𝑡 [𝑝−𝑁𝑃𝐴][𝐸0 ]
𝐾𝑚 +[𝑝−𝑁𝑃𝐴]
1

𝑚𝑎𝑥

𝐾𝑚

1

𝑚𝑎𝑥

[𝑃𝑁𝑃𝐴]

+𝑉

(S4.1)
(S4.2),

where V is the rate of p-NPA formation, Vmax is the maximum rate, kcat is the catalytic rate
constant, [E0] is the enzyme concentration, [p-NPA] is the substrate concentration, Km is the
substrate concentration when the rate is equal to Vmax/2, which also shows the affinity of the enzyme
for the substrate, and kcat/Km is the kinetic constant.
Monitoring the Hydrolysis of CA Substrate at MOFs Interfaces
The hydrolysis of p-NPA at MIL-160 and ZIF-8 interfaces was monitored at 400 nm. For
this, 0.1 mL of MIL-160 or ZIF-8 dispersions (1 mg/ml in Tris buffer pH=7.5) was mixed with 0.8
mL Tris buffer solution and 0.1 mL acetonitrile solution of p-NPA. Varying concentrations (25,
50, 100, 250, 500 and 800 mM) of the substrate (p-NPA) under a constant concentration of MIL160/ZIF-8 dispersion (0.1 mg final concentration) were used. The absorbance was monitored every
2 min over a total period of 20 min. To note: this graph is based on the amount of particle rather
than enzyme in solution, i.e. the amount of the particle was maintained at 0.1 mg for all the
experiments. The graph in the manuscript is based on the amount of enzyme being used.

Figure S4.6. Hydrolysis of p-NPA at the MOFs interfaces.
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Circular Dichroism Measurement
A Circular Dischroism
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spectropolarimeter (JASCO J-810) employing constant N2

flushing was used to record any changes in the MOF structure. Far-UV CD spectra were obtained
by scanning the samples in 50 mM potassium/sodium phosphate buffer, pH 7.5 in a quartz cell
with the path length of 1 mm. Each CD spectrum represented the average of 3 scans obtained by
collecting data every 0.5 nm intervals, with an integration time of 1s. Three separate scans were
inter-compared before summation to detect possible alternations during the scan period. A
reference solution was used as control.

Figure S4.7. Far-UV CD spectra of PBS buffer, MIL-160 dispersion and ZIF-8 dispersion

Secondary structure component of CA-MIL-160 and CA-ZIF-8 conjugates
Analysis of the secondary structural content by deconvolution of the CD data using CDNN
(Circular Dichroism Neural Networks analysis) is shown in Table S4.1.

Table S4.1. Secondary structure component of CA-MIL-160 and CA-ZIF-8 conjugates with
corresponding CA control-1 and CA control-2 respectively.
CA control-1

CA-MIL-160

CA control-2

CA-ZIF-8

Helix (%)

13.3

12.5

16.2

12.5

Random Coil (%)

54.0

57.2

48.5

54.1
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X-ray Diffraction of Enzyme-MOF Conjugates
Phase purity and crystallinity of the enzyme-MOF conjugates were confirmed by X-ray
diffraction (XRD). For this, powders of each one of the conjugates were analyzed using a Bruker
D8 ADVANCE X-ray diffractometer with CuKa radiation at 40 kV and 40 mA; the XRD patterns
were recorded in refection mode, at room temperature and under ambient conditions and shown in
Figure S4.8.

Figure S4.8. XRD spectra of CA-MIL-160 and CA-ZIF-8.
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Chapter 5

Carbonic Anhydrase Integration with Metal-Organic Framework Forms
Active Membranes for Carbon Dioxide Benign Transformation
Abstract
Carbonic anhydrases (CAs) were well known enzymes capable to transform carbon dioxide
(CO2) into bicarbonate with ultrahigh turnover of up to 105 s-1. Industrial implementation of CA
raises hope for emerging and efficient strategies that could reduce greenhouse emission and
footprint of anthropogenic activities. Herein we developed the next generation of CA-based
bioreactors capable to efficiently adsorb and reduce CO2 at room temperature conditions. By
integrating CA onto a user-constructed membrane based on hydrophilic Metal-Organic
Framework (MOF) we show how porosity, controlled morphology and surface density of the MOF
could not only contribute to viable and functional interfaces for the biological-induced adsorption
and reduction of CO2 but further, how they could be also allow for the reaction scalability. Electron
and atomic microscopy analysis evaluated MOF-based membrane formation and enzyme
distribution, infrared spectroscopy and colorimetric activity assays proved the functionality of the
two systems, while Brunauer-Emmett-Teller (BET) analysis and gas chromatography helped
evaluate the efficiency of CO2 adsorption and reduction in the bioreactor. Our study is expected to
impact CO2 storage and transformation strategies to thus increase user-integration of enzymebased green technologies for mitigating global anthropogenic activities.

Keywords: Metal-Organic Frameworks, CO2 capture, Carbonic Anhydrase, biomembrane reactor.
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5. 1. Introduction
Fossil fuel domination of the energy sector was shown to be the main source for increased
carbon dioxide (CO2) greenhouse gas concentrations in the atmosphere.1, 2 Current technologies
for CO2 presence mitigation rely on post-combustion CO2 capture and sequestration or aminebased scrubbing3-5.6 However, the main drawbacks of such technologies are the high energy
requirements for CO2 desorption, reduced regeneration of the adsorbent,7, 8 or, for amine-based
post-combustion CO2 capture emission, the loss of amine functionality.9,

10

Attempts to use

alternative strategies such as the ones based on ionic liquids,11-13 piperazine14, 15 and organic
solvents16, 17 were considered, however the high corrosiveness,18, 19 volatility15, 20 and parasitic
energy consumption21,

22

precluded their large scale implementation. Self-sustainable CO2

atmospheric removal strategies that have high efficiency and feasibility for large-scale
implementation as well as good environmental compatibility21,

23

are needed to circumvent

ecological24, 25 and human26, 27 effects and thus to reduce or prevent dangerous anthropogenic
interferences.28
Carbonic anhydrases (CAs; EC 4.2.1.1) are a family of metalloenzymes known to catalyze
the reversible conversion of CO2 into bicarbonate in the human body, all with ultrahigh turnover
of up to 105 s-1.29 In synthetic assays, CAs were shown to be therapeutically useful to evaluate a
range of disorders30-33 from oedema, to glaucoma, cancer and osteoporosis. CAs were also shown
to play critical roles in the proliferation, survival and differentiation of pathogens34, 35 such as
protozoa, fungi and bacteria, with differences in the infected host relative to the uninfected habitat
being evaluated for the potential development of novel anti-infective agents.36 Further, due to their
roles in regulating respiration and transport of CO2 and bicarbonate pathways in metabolizing
tissues and lungs as well as due to their involvement with reversible hydration/dehydration and pH
homeostasis gluconeogenesis, lipogenesis and ureagenesis,37, 38 CAs have also been considered as
candidates for biosensors39, 40 applications.41, 42 Moreover, their capability to enhance CO2 capture
and sequestration has been recently transferred to the development of novel membrane
technologies,43-45 such as gas membrane contactors43, 44 and supported ionic liquid membranes.45
However, for such applications, the low CO2 solubility in water, an active solvent needed for
maintaining CAs functionality, had been seen as an intricate limitation to implementation of such
systems large scale implementation.44, 46 As such, current CA-based membranes are mostly based
on gas adsorption membrane (GAM) units43, 44 where the gas phase and liquid phase are spatially
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separated by a hydrophobic entity and CAs are immobilized on the liquid phase side, with the
wetting relationship between the membrane and liquid solvent being critical when considering the
overall membrane performance for CO2 adsorption47,

48

and mass transfer limitations at its

interface,49 showed CA reduced activity44, 50 mostly pronounced at hydrophobic supports.51
We hypothesized that nano-porous interfaces with hydrolytic stability could not only allow
for user-controlled CA immobilization but further, could ensure enzyme’s activity retention for
subsequent CO2 capture and benign transformation at ambient conditions. To test our hypothesis,
we used Metal-Organic Frameworks (MOFs), a type of porous crystal materials constructed by
linking metal node (metal ions or clusters) and organic linkers together through bond coordination.
Studies in our group and others have previously demonstrated that such frameworks are suitable
for enzyme immobilization because of their customizable synthesis that allows either hydrophobic
or hydrophilic moieties,51 large surface area to be used for increased enzyme loading,52, 53 tunable
pore structure and tailored surface feature53-55 to allow user-specific immobilization or enzyme
encapsulation.55, 56 MOF-enzyme conjugates53, 54 were shown to preserve enzymes’ functionality
to a larger extent than other materials such as polyurethane foam,57 magnetic materials,58
hydrogels,59 silica-based materials,60 or zeolites61 respectively. Our proof-of-principle
demonstration shows that the hydrophilic MOF interfaces integrated in a lab-built bioreactor
provide a functional scaffold for efficient CA functionality at ambient pressures and temperatures
thus emphasizing cost-efficiency when CO2 removal strategies are considered.

5.2. Materials and Methods
5.2.1 Chemicals
Two, 5-furandicarboxylic acid (FDCA, 98%, Alfa Aesar), aluminum chloride hexahydrate
(99%, Acros Organics) and sodium hydroxide (extra pure, Across Organics) were used for
hydrophilic Metal-Organic Frameworks (MOFs) synthesis (i.e., MIL-160). Aluminium oxide
(Al2O3) filters with diameters of 13 mm and pore size of 20 nm were purchased from Separation
Processes,

Inc.

(SPI)

and

used

as

supports

for

the

membrane

synthesis.

Tris(hydroxymethyl)aminomethane (99%, Alfa Aesar) was used for buffer preparation (Tris buffer,
pH 7.5, 50 mM). Carbonic anhydrase (CA) from bovine erythrocytes (E.C.4.2.1.1) was purchased
from Sigma-Aldrich. p-nitrophenol acetate (p-NPA, Acros Organics) was used as substrate for
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assessing enzyme’s activity. Bicinchoninic acid assay (BCA) kit (Thermo Scientific) was used to
evaluate enzyme loading onto the MIL-160 surfaces. Acetonitrile (Thermo Scientific) was adopted
as the solvent for p-NPA, while N2/CO2 (Airgas, 95% N2 and 5% CO2) mixture of gases were
used for evaluating the performance of the synthesized membrane. All the chemicals were
commercially available and used without further treatment.

5.2.2 Preparation of MIL-160/Al2O3 Membrane
FDCA-modified Al2O3 filters were used for synthesis of MIL-160/Al2O3 hybrids. First,
10 ml of 5 mM FDCA solution in deionized water was dosed onto the Al2O3 filters contained in
Teflon-lined stainless-steel autoclave and subsequently heated at 50 °C for 24 hours. Secondly,
resulting modified filters were dosed again in a Teflon-lined stainless-steel autoclave in a solution
of FDCA, aluminum chloride hexahydrate and sodium hydroxide dissolved in deionized water
(final concentrations of 55, 55 and 100 mM respectively) at 100 °C for 12 h. After cooling to room
temperature, the functionalized filter was taken out, washed extensively with deionized water to
remove any of the unreacted species, dried overnight at room temperature and stored for the further
usage.

5.2.3 Characterization
The morphologies of the Al2O3 and FDCA functionalized Al2O3 (FDCA/Al2O3) filters and
MIL-160/Al2O3 hybrids were investigated by field emission scanning electron microscopy
(FESEM) performed on a S-4800 (Hitachi) with a cold field emission gun operating at 4 kV and
10 JA respectively.
Energy Dispersive X-Ray Spectroscopy (EDS) mapping was conducted for elemental
analysis of the samples. Phase purity and crystallinity of the synthesized MOFs were confirmed
by X-ray diffraction (XRD), with powders of MOFs being analyzed using a Bruker D8
ADVANCE X-ray diffractometer with CuKa radiation operating at 40 kV and 40 mA; the XRD
patterns were recorded in refection mode, at room temperature and under ambient conditions.
Chemical composition of the Al2O3 and functionalized Al2O3 filters in dried conditions
was determined using Fourier Transform Infrared Spectroscopy (FTIR) on a Digilab FTS 7000
equipped with a diamond Attenuated Total Reflection. Scans were collected in the range of 4000–
400 cm-1 at a resolution of 4 cm-1; a total of 128 scans were co-added to form the final spectrum
of each sample. Experiments were performed in triplicates.
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The surface areas of Al2O3 filter and MIL-160/Al2O3 hybrids were determined from N2
adsorption analysis conducted on a Micromeritics Instrument sorption analyzer (ASAP 2020)
using liquid nitrogen at 77 K.
An atomic force microscope (AFM, Asylum Research) and Si tips (AC240TS, 50 kHz,
Asylum Research) were used to investigate the morphology of the samples in AC mode. Scans of
20 µm x 20 µm area or lower were acquired in air with subsequent order 3 image flattening. Height
evaluation were performed using the Asylum software with subsequent MATLab analysis
5.2.4 CA/MIL-160/Al2O3 Membrane Preparation
The CA/MIL-160/Al2O3 membrane was prepared by loading CA onto the MIL-160/Al2O3
hybrids by physical adsorption. For this, the hybrids were immersed in a 2 mL solution containing
different enzyme concentrations (1.0, 0.5 and 0.1 mg/mL respectively) in Tris buffer solution (50
mM and pH 7.5) in a covered glass vials (Fisher Scientific) and shook at room temperature at 100
rpm (the different enzyme concentrations were used to ensure evaluation of maximum enzyme
functionality function of the enzyme loading.). After 2 hours incubation, the resulting (now)
membrane was removed and used for the activity assay and CO2 related tests respectively. Control
experiments have also been performed using Al2O3 filters and incubating them with the above
known representative concentrations of enzyme.

5.2.5 Enzyme Loading Assessment
Standard BCA assay was also performed to determine enzyme loading or the amount of
enzyme loaded per membrane. Briefly, 1 mL of the working reagent containing 50 parts of reagent
A with 1 part of reagent B (reagents were provided stock with the BCA assay kit) was mixed with
50 μL of the remaining solution, i.e., solution used for the membrane or filter and containing the
different enzyme concentrations (see above), and subsequently incubated at 37 °C for 30 min.
Absorbance at 562 nm was recorded for each sample using an UV−VIS spectrophotometer
(UV2600 Shimadzu) and compared to a calibration curve of known concentrations of the CA
suspended in the working reagent. Every experiment was repeated at least 3 times. Loadings were
calculated using equation 1:

Enzyme loading (mg/mg) = C0V0- C1V1

(1),
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where C0 and V0 were the initial concentration and volume of CA solution, C1 and V1 were
the concentration and volume of CA solution after the immobilization process respectively.

5.2.6 Assessment of CA Activity
The specific activity of CA (i.e., free or immobilized onto the membrane or the filters used
as control) was assessed by monitoring the hydrolysis of p-NPA at 400 nm.51 For the free enzyme,
0.1 mL of free CA was mixed with 0.8 mL Tris buffer solution and 0.1 mL of p-NPA (2.0 x 10-2
M in acetonitrile). For the immobilized enzyme, CA/MIL-160/Al2O3 membranes or CA/Al2O3
filters were immersed directly in mixture of 0.9 mL Tris buffer solution and 0.1 mL of p-NPA (2.0
x 10-2 M in acetonitrile) with varying concentrations of the substrate p-NPA (1.0, 2.5, 5.0, 10, 20
and 40 mM). The absorbance was monitored every 2 min over a total period of 10 min. Additional
blank experiments were also conducted to estimate the self-dissociation of p-NPA in each of the
solutions being used. Every experiment was repeated at least 3 times.

5.2.7 Assessment of enzyme-based conjugates
Chemical composition of the CA-based samples was evaluated by FTIR. For this, all the
CA based samples were prepared by suspending the supports (Al2O3 and MIL-160/Al2O3) in CA
Tris (pH 7.5) solutions with the concentration of 0.1 mg/mL for 2 hours under 100 rpm shaking
conditions and at room temperature. After drying the samples at room conditions, they were tested
by using FTIR as described above. Controls of dried CA was also used. Scans were also collected
in the range of 4000–400 cm− 1 (as above) at a resolution of 4 cm− 1; a total of 128 scans were coadded to form the final spectrum of each sample. Experiments were performed in triplicates.
AFM using Si tips (see above) were used to investigate the morphology of the samples
containing immobilized enzyme, all in AC mode. Scans of 20 µm x 20 µm area or lower were
acquired in air with subsequent order 3 image flattening. Height evaluation were performed using
the Asylum software with subsequent MATLab analysis.
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5.2.8 Performance by the CA-MIL-160 Membrane
The performance of the prepared CA/MIL-160/Al2O3 membrane or CA/Al2O3 filters used
as controls for CO2 adsorption and transformation was evaluated using a modified method reported
by Hou et al.,44. Briefly, an in-house platform (Supporting Information Scheme S1) composed of
a membrane module, a gas chromatography unit (GC; Inficon), mass flow meters and pipelines
respectively were used to build such system. The membrane module was assembled from one
right-angle flow rectangular manifold, three sets of stainless steel VCO and stainless-steel female
nut, and two stainless steel Swagelok tube fittings respectively. The GC unit was used for
monitoring the CO2 concentration of the output gases, while the flow meters were used for
controlling the content of the feeding gas. Herein the feeding gas contained a mixture of 5% CO2
and 95% N2, with a controlled constant flow rate of 10 mL/min. The self-made membrane module
also comprised a gas chamber for gas flow and liquid chamber for removing any product being
released. The synthesized membrane was mounted in the self-built module with the CA/MIL-160
side in direct contact with the gas phase and the Al2O3 substrate side facing the liquid chamber.
The overall and specific CO2 adsorption rate were determined by the difference of the CO2
concentration between the feeding gas and the output gas evaluated in GC as shown by equation
2 and 3 respectively:
𝑥𝑐𝑜2 =

𝐶𝑖𝑛,𝑐𝑜2 −𝐶𝑜𝑢𝑡,𝑐𝑜2
𝐶𝑖𝑛,𝑐𝑜2
𝑥𝑐𝑜2

𝑋𝑐𝑜2 = 𝑚

𝐶𝐴

× 100%

(2),

× 100%

(3)

where Cin was the concentration of the feeding gas and Cout was the concentration of the
output gas, while mCA was the effective mass of enzyme used.
Control experiments using free CA (0.1 mg/mL) were also performed. For this, 3 mL of
0.1 mg/mL CA solution was suspended into a glass reactor (Supporting Information Scheme S2);
the reactor was subsequently connected to the feeding gas and the rest of the configuration
described above and used for the testing of CO2 changes, when the flow rate was maintained at 10
mL/min and by measuring the concentrations of the output gas as discussed above. Experiments
were performed in triplicates.
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5.3. Results and Discussion
5.3.1 Synthesis and Characterization of the filter and hybrid
We hypothesized that hydrophilic Metal-Organic Framework (MOF) MIL-160 can be used
as a porous scaffold to increase functionality of enzyme carbonic anhydrase (CA) for its
subsequent usage as an adsorption platform of carbon dioxide (CO2). The MIL-160 supports were
selected based on their previous demonstrated capability to serve as flexible and hydrated “bridges”
that could ensure proton-transfer at their interfaces to thus lead to improved activity and kinetic
behavior of immobilized CA.51
To demonstrate our hypothesis, we first synthesized MIL-160/Al2O3 hybrids using a usercontrolled hydrothermal method. Briefly, Al2O3 filters with uniform capillary (pore size of 20 nm)
were chosen as supports for the MIL-160 decorates, where the Al2O3 were serving as an Al metal
source62, 63 to tallow coordination reaction with 2, 5-furandicarboxylic acid (FDCA), the linker
used for MIL-160 synthesis.51, 64 The hypothesized underlying mechanism was that functional
modification of Al2O3 with FDCA would allow controlled formation of MIL-160 at and onto the
Al2O3 filters, all to be coordinated through covalent zero length chemistry.65, 66 This hypothesis is
supported by previous studies demonstrating that MOFs can be synthesized by using metal oxides
as metal source as shown in studies where ZnO was used for ZIF-867 and ZrO2 for UiO-6668
synthesis respectively, as well as other previous reports62, 69 that demonstrated the modification
feasibility of such porous Al2O3 filters with organic chemicals such as dopamine62 through a
hydroxide induced covalent reaction.
Surface modification was confirmed by atomic force microscopy (AFM)70 and scanning
electron microscopy (SEM)71 analysis. For the first, morphology showed that FDCA
functionalization (Figure 5.1a) led to changes in the 3D surface profiles of the Al2O3 filters used
as controls (Figure 5.1b), as well as changes in the sample overall height profile of the samples
(Supporting Information Figure S5.1 a and S5.1b), with analysis showing the average height of
the functionalized Al2O3 filter increased in average about 4.7 times after being modified with
FDCA. For the second, fibers-like morphologies were observed for the FDCA/Al2O3
functionalized filters71 (Figure 5.1c), relative to controls Al2O3 ones (Supporting Information
Figure S5.2a). Moreover, increased thickness (of about 3.5 µm) was noted for the FDCA/Al2O3
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functionalized filters relative to the controls (Supporting Information Figure S5.2b and S5.2c
respectively). The fibers displayed ribbon-like architectures either with singular profiles or multistack profiles of different widths (namely about 0.68 µm for the singular fibers and about 3.38 µm
for the stacked ones) and lengths varying between 20-30 µm.

Figure 5.1. (a) 3D morphology analysis based on AC mode AFM of FDCA functionalized
Al2O3 filter; (b) AFM-based morphology analysis of control Al2O3 filter; (c) SEM micrograph of
FDCA functionalized Al2O3 filter; (d) FTIR spectra of Al2O3 and FDCA functionalized Al2O3
filter.
We hypothesized that such fibers formation was presumably due to the reaction between
Al2O3 and FDCA linker as resulted upon such linker adsorption onto the filter. The Al2O3 could
have had the potential to serve as a mild surface catalyst for the initiation of a FDCApolycondensation reaction to lead to such fiber formation. This hypothesis is supported by previous
studies that have showed the role of Al2O3 as substrate for direct polycondensation of polylactic
acid (PLA)72, 73 as well as its role in the catalytic hydrodeoxygenation of C3 alcohols.74
FDCA functionalization of the Al2O3 filters was further confirmed via Fourier Transform
Infrared Spectroscopy (FTIR) (Figure 5.1d), with analysis clearly identifying its characteristic
peaks associated with the C=O at 1727 cm-1, C-O at 1228 cm-1, C=CH at 827 and 770 cm-1, C=C
at 1577 and 1413 cm-1 and -OH at 3414 cm-1 respectively,75 all relative to the control FDCA
(Supporting Information Figure S5.2d). The observed peaks shift of the functionalized filters
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relative to the control FDCA alone confirm the coordination reaction of FDCA for subsequent
fiber formation. Indeed, previous analysis51 had shown that the peaks at 1674 and 1275 cm−1
known to be associated with C=O and C−O bonds of FDCA respectively disappeared in the spectra
of MOFs and the characteristic peaks at 1581 and 1414 cm−1 associated with C=C bond of the
furan ring and peaks at 962 and 825 cm−1 assigned to C−H bond were weakened with reduced
intensity relative to that of the FDCA control. Furthermore, Energy Dispersive X-Ray
Spectroscopy (EDS) analysis revealed concentration changes of the C, O and Al elements
(Supporting Figure S5.2e and f, and Supporting information Table S5.1) when comparing the
functionalized FDCA/Al2O3 filters relative to the bare ones, with the C and O increasing from 8.59
± 0.36% to 12.45 ± 0.08% and 37.48 ± 0.19 % to 44.45 ± 0.11%, while the concentration of Al
decreased from 53.93 ± 0.21% to 43.11 ± 0.09% respectively.
Such FDCA/Al2O3 functionalized filter was subsequently used as support for MIL-160
growth through controlled hydrothermal method51. Formation of MIL-160 particles was confirmed
by SEM analysis. Figure 5.2a shows a representative SEM image of the hybrids and allow
identification of particle with clear edges uniformly distributed onto such functionalized filter.
Control MIL-160 particles grown on bare Al2O3 filter (i.e., without any FDCA pretreatment) were
edgeless, smaller in size as well as of poor uniformity (Figure 5.2b). Furthermore, the cross-section
view (Figure 5.2c) of the hybrid indicated a non-continuous monolayer coverage of the MIL-160
which resulted in an overall thickness change in thickness of 1.5 % relative to the functionalized
filter. Moreover, SEM analysis allowed particle size quantification with the MIL-160 size in the
hybrids being about 14.8 ± 0.9 µm and only about 2.5 times of that of the MIL-160 particle size
prepared directly onto the filters, i.e. without FDCA pretreatment. EDS mapping (Figure 5.2d)
also confirmed the formation of MIL-160/Al2O3 hybrids as shown by the layered distributions of
C and O elements in the upper layer and Al in lower layer configuration respectively. Lastly, the
N2 adsorption analysis (Supporting Information Figure S5.2g) revealed Brunauer-Emmett-Teller
(BET) and Langmuir surface area of MIL-160/Al2O3 hybrids being 214.58 and 264.70 m²/g
respectively significantly larger than that of Al2O3 filters which were 7.40 and 9.3 m²/g, with such
results presumably due to the coverage of microporous MIL-160.
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Figure 5.2. (a) surface morphology of MIL-160/Al2O3 hybrid prepared upon FDCA
surface modification of the Al2O3 filter; (b) surface morphology of control MIL-160/Al2O3 hybrid
prepared without FDCA surface modification; (c) cross-section of MIL-160/Al2O3 hybrid, and
EDS mapping of the MIL-160/Al2O3 hybrid (d).

5.3.2 Enzyme loading and kinetics of the biomembrane reactor
Synthesized MIL-160/Al2O3 hybrids were subsequently used as supports for enzyme
immobilization by physical adsorption.51 Successful CA immobilization was confirmed by FTIR,
AFM and standard colorimetric assay. For the first, our CA immobilized at the membrane interface,
i.e., CA/MIL-160/ Al2O3 showed broader peaks (1672-1458 cm-1) relative to the peaks of free CA,
i.e., 1625 and 1523 (Supporting Information Figure S5.3) as associated with the C=N stretching
mode and N-H bending vibration respectively.51, 78 Peak broadening was probably due to the
interaction between CA and MIL-160. Control FTIR spectra of the MIL-160/Al2O3 hybrid
confirmed the formation of MIL-160 on the surface of the Al2O3 filter by showing the
characteristic peaks at 1572 and 1408 cm-1 as associated with C=C bond of the furan ring and the
peaks at 958 and 825 cm-1 assigned to C-H bond respectively.51 Control CA/Al2O3 did not confirm
enzyme’s peaks when compared with Al2O3 filters most likely due to enzyme deformation and loss
of activity as also shown by the kinetics tests.
For the second, AFM analysis showed that conglomerates of enzymes followed the
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morphology of the membrane and attached either onto the surface of the MOFs or in the spaces
between individual frameworks (Figure 5.3a and b respectively). In contrast, control experiments
evaluating enzyme immobilization onto the filter itself showed uniform distribution (Figure 5.3c)
while control MOF (i.e., without an enzyme attached to) maintained smooth morphology and
roughness and showed the sheets-like architecture (Figure 5.3d).

Figure 5.3. Representative AFM images of CA conglomerates immobilized directly on top
of MIL-160 Al2O3 hybrid (a); representative AFM images of CA conglomerates immobilized in
spaces between individual hybrids (b); representative image of CA immobilized onto Al2O3 filter
(c); control MIL-160/Al2O3 hybrid morphology with sheets-like conformations and sharp edges
identified for the individual frameworks (d); Michaelis-Menten kinetics of CA/MIL-160/Al2O3
membrane relative to control CA/Al2O3 functionalized filter used as control as assessed through
the hydrolysis of p-NPA (e); proposed mechanism of binding and deformation of the CA at the
membrane or filter interfaces respectively (f).
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For the third, colorimetric assays showed loading of about 0.101 ± 0.006 for the membrane
which was lower than that for control filter that showed an average loading of 0.124 ± 0.006 mg
both when 0.1 mg/mL CA solution was offered during such interfaces preparation. The higher
enzyme loading observed for the CA/Al2O3 relative to CA/MIL-160/Al2O3 was presumable due to
the porous structure of the Al2O3 filter itself; specifically, pore sizes of 25 nm could potentially
allow entrapment of CAs (which are known to have individual diameters of ~4.5 nm 51). Indeed,
previous studies have shown that entrapment of enzymes in spaces as small as 3.0 and 4.1 nm in a
MOF structure named Tb-TATB used for microperoxidase-11 (MP-11) immobilization 56 or 9 and
15 nm in a periodic mesoporous organosilicas (PMOs) used for lipase immobilization76 could
occur. The porosity of MIL-160 is only 0.5 nm based on previous studies.77 Such small porosity,
while will provide additional space for gas adsorption analysis as shown in our BET evaluations
(Supporting information Figure S5.2g) will however not be prone for confinement of enzymes due
to specific hindrances effects. They will rather expose active surfaces and edges (as confirmed by
Figure 5.3a and 5.3b respectively) for further enzyme immobilization to potentially lead to higher
activity of such immobilized enzyme when compared to the activity on the porous interface of the
filter itself.
Indeed, activity evaluations (Figure 5.3e) and Michaelis-Menten kinetics of the CA/MIL160/Al2O3 and CA/Al2O3 control were both performed through the hydrolysis of para-nitrophenol
acetate (p-NPA) and allowed identification of corresponding kinetic parameters (Vmax and Km;
Table 5.1) at such interfaces. Analysis showed that the enzyme immobilized at the membrane
interface had a higher activity, higher Vmax and a lower Km value relative to the enzyme
immobilized directly onto the filter. This is presumably due to the highly hydrophilic nature of the
MIL-160 scaffold51 and its reduced curvature. Previous studies79-82 showed that supports with
higher local curvature were more beneficial for retaining higher enzyme activity. Specifically,
Tadepalli et al.,79 demonstrated the higher horseradish peroxidase (HRP) activity when the enzyme
was absorbed on gold nanoparticles with higher surface curvature. Campbell et al.,81 reported that
the power density of an enzymatic biofuel cell could be 10-fold greater when the enzymes glucose
oxidase and bilirubin oxidase used to form enzymatically active anodes and cathodes respectively,
were immobilized onto graphene-coated single-wall carbon nanotube gels with higher curvature
relative to the controls gold/multi-wall carbon nanotube fiber paddles. In addition, our previous
work80 also confirmed this principle by revealing the higher activity of soybean peroxidase when
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immobilized onto carbon nanotube relative to graphene oxide nanosheet. Lower activity and higher
Km (associated with lower affinity) for the CA immobilized directly onto the Al2O3 filters could be
due to the pore entrapment of the CA and subsequent substrate diffusion limitation such entrapment
could lead to. Indeed, previous studies have showed that the functionality of the enzymes
entrapped in porous matrices/supports was affected significantly by the substrate diffusion
limitation to their active site,83, 84 with authors specifically showing that such significant substrate
diﬀusion limitation occurred for the immobilized enzyme due to the enzyme entrapped in confined
spaces.

Table 5.1. The kinetic parameters for CA/MIL-160/Al2O3 and CA/Al2O3 membrane.

CA/MIL-160/Al2O3
CA/Al2O3

Enzyme loading,
mg/disc
0.101±0.006
0.124 ±0.006

Vmax, mM/mg
enzyme/min.
5.66±0.57
4.16±0.27

Km, mM
31.98±4.46
39.97±4.09

The surface-dependent activity and kinetic behavior of the immobilized CA at the
membrane or control filter interface also support a mechanism where enzyme deformation leads
to lose of activity (Figure 5.3f). In particular, one could expect that sharp edges and higher
curvatures will lead to a lower enzyme deformation and further retained activity. This hypothesis
is further supported by previous work that showed that MIL-160 hydrophilicity does not only
support a higher activity of the immobilized enzyme but further, their flexible and hydrated nature
provide “bridges” that could ensure proton-transfer at their interfaces to thus lead to improved
kinetic behavior and potentially increases enzyme’s feasibility for industrial implementation.51

5.3.3 Ability for CO2 Benign Transformation at the CA/MIL-160/Al2O3 Biomembrane
Interfaces
CO2 adsorption performance (i.e., changes in the CO2 concentration upon gas interaction
with the membrane and changes in operational stability) at the CA/MIL-160/Al2O3 membrane was
subsequently evaluated through a self-made module (Supporting Information Scheme S5.1). For
this, the CA/MIL-160/Al2O3 membrane was sealed in a tunnel-like chamber, with the CA-loaded
side towards the feed gas and the other side in contact with stirred water. The designed membrane
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contactor was aimed to allow direct contact of the target gas (CO2) with the enzyme while the
MIL-160 porosity was envisioned to provide a hydrophilic microenvironment for ensuring
immobilized enzyme’s activity. Such lab-designed interface was further hypothesized to help
assist with hydration while ensuring CO2 adsorption at the CA active site without the need of
additional aqueous media which otherwise are known to be responsible for low levels of CO2
solvation.85 The mechanism of CO2 adsorption was previously described with report showing that
such substrate bindings to the CA hydrophobic pocket near the Zn86 ions to subsequently lead to a
Zn-coordinated transformation of the bound CO2 into bicarbonate followed by the direct release
of such product into the media (Supporting Information Equations S5.1-3).29
The CO2 changes at the membrane interface were then directly evaluated by monitoring
the CO2 concentration in the output gas (i.e., after any adsorption triggered by the immobilized
CA) using Gas Chromatograph (GC); CO2 concentration in the feeding gas was maintained
constant. The CO2 adsorption is shown in Figure 5.4a; analysis revealed about 5% change on
average in the output CO2 concentration relative to the concentration used during membrane’s
feeding, with such change plateauing after about 54 ± 7.8 min of continuous operation of the
membrane in the CO2 flow. In contrast, the hydration of the control containing the CA loaded
directly onto the Al2O3 filter surface decreased drastically after only 50 min of operation from a
maximum 1.4 to 0.5% and then subsequently plateaued, after about 76.3 ± 3.2 min of operation.
Controls Al2O3 and Al2O3/MIL-160 membranes showed no CO2 adsorption under the same
conditions (Supporting Information Figure S5.4a and b) thus eliminating concerns about possible
absorbance of the CO2 into the two interfaces exposed when by themselves. Furthermore, free CA
suspended in a lab-build bioreactor at the same concentration as the immobilized CA (Supporting
Information Scheme S5.2) showed a totally irregular CO2 change in concentration (Figure S5.4c)
which was presumably triggered by the Brownian motion/ molecular diffusion of the individual
CA molecules suspended in water and their subsequent collision with CO2 at the gas-liquid phases
interfaces.
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Figure 5.4. (a) CO2 concentration changes at the CA/MIL-160/Al2O3 and CA/Al2O3
interface and operational stability tested for 250 min; (b) CO2 changes in concentration at the
CA/MIL-160/Al2O3 membranes interfaces and at different CA loadings; (c) specific CO2
adsorption efficiency (i.e., relative to the reported enzyme loading) for the CA/MIL-160/Al2O3
membranes.

The change in the CO2 concentration at the CA/MIL-160/Al2O3 membrane interface
relative to both free CA and CA/Al2O3 exposed to the same conditions of CO2 feeding was
presumably endowed by the design of the nanoscale hierarchical structure based on the MIL-160
array and enzyme adsorption at such interface. Specifically, framework flexibility and intrinsic
regular porosity did not only provide a favorable microenvironment for both enzyme loading and
functionality but most likely allowed the mass transfer for both the reactant and the product to
occur at the enzyme active site. These are supported by our previous study and our herein included
BET and microscopy analysis showing that MIL-160 has high hydrophilicity and highly porous
crystalline structure with defined square-shape sinusoidal channels of ~5 Å in diameter.77
Considering that water molecules played critical role in maintaining CA activity at the MIL-160
interface with MIL-160 interface also serving as a “bridge” for proton transfer for the enzyme
regeneration step (Supporting Information Equations S5.1-3) because of its endowed hydrophilic
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and porous characteristics which could synergistically allow for such interface feasibility of
implementation for subsequent potential CO2 hydration.51
Lastly, to evaluate whether increased enzyme loading leads to increased catalytic
performance or operational stability, we varied the CA concentration offered during the
immobilization process for membrane formation. Our analysis showed that even though enzyme
loading increased from 0.115 to 0.403 mg/membrane for instance when the CA concentration in
the feeding solution increased from 0.1 to 1.0 mg/mL, the catalytic performance of such membrane
did not increase linearly (Figure 5.4b).
Such catalytic performance assessment supports the hypothesis that enzyme loading has
reduced role in CO2 adsorption efficiency. Indeed, the specific CO2 change in adsorption (Figure
5.4c) at the CA/MIL-160/Al2O3 membrane prepared using a CA concentration of 0.1 mg/mL
reached the highest value of 1.26 mmol/mg CA/min. This was 1.6 and 5.0 times of that of CA/MIL160/Al2O3 membranes prepared under the CA concentration of 0.5 and 1.0 mg/ml respectively,
with effective enzyme loading being 0.042 ± 0.0003 and 0.117 ± 0.024 mg/membrane respectively.
Herein the effective enzyme loading is referring to the amount of the accessible enzyme for CO2
adsorption. The reduced enzyme efficiency induced by the increased enzyme loading was probably
due to the intramolecular interaction of such immobilized enzymes shown previously to cause
activity losses at given interfaces.51, 86 Moreover, a larger enzyme loading could also result in mass
transfer limitations due to their multilayer coverage of a surface to again lead to reduced overall
efficiency of such immobilized enzymes.87, 88
Our analysis does not only demonstrate the potential of the proposed bioreactor to provide
a viable platform for efficient CO2 adsorption but further, indicate that such reactor could possibly
be used to evaluate CO2 hydration in the future, with such process to be controlled by the
functionality of the immobilized enzyme at the MOF-based interface itself. Our results are superior
to previous study by Hou et al.,50 who reported \ CO2 change at a CA integrated Janus membrane
(i.e., carbonic anhydrase (CA)-1H,1H,2H,2H-peruorododecyltrichlorosilane (FTCS)-Carbon
Nanotubes (CNTs)-polyvinylidene fluoride (PVDF)). Furthermore, when authors studied the CO2
hydration performance when the enzyme CA was integrated into the hydrophobic polypropylene
(PP) hollow fiber membranes they show a CO2 hydration rate of about 62% of that we achieved
while their effective membrane area is 67.8 times of that used in our current study.44 Furthermore,
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Rong Wang’s group achieved a high-efficiency CO2 absorption flux of 2.5 × 10-3 mol·m-2·s-1,
considerably reduced than that achieved in our study this for when authors immobilized CA onto
a polydopamine (PDA)/polyethylenimine (PEI)-polyvinylidene fluoride (PVDF) composite
hollow fiber membrane through crossing linking method.89
The higher CO2 hydration rate achieved by our synthesized CA/MIL-160/Al2O3 membrane
relative to other previous reports was presumably due to the advantages of the designed CA based
membrane contactor including allowing the direct contact of CO2 with the enzymes, while through
the MIL-160 providing effective pathway for maintaining hydrophilic hierarchical surface of the
enzyme’s immobilization.
Table 5.2: Comparison of the CO2 hydration efficiency of the user synthesized CA/MIL160/Al2O3 relative to other similar materials/ techniques.
Membrane

CA/MIL-160/Al2O3
CA-FTCS-CNTs-PVDF
flat
sheet
membrane
CA/superhydrophobic PP hollow fiber
membrane
CA-PDA-PEI--PVDF hollow fiber
membrane

CO2
hydration
rate, mol s-1m-2
1.8×10-2

Effective
Membrane
m2
1.2× 10-4

Solvent

Reference

Water
Water

This work

2.1×10-4

-----------

1.6×10-4

7.8 × 10-3

Water

2.5 × 10-3

6.4 × 10-4

Water

area,

50
44
89

5.4. Conclusion
In this study, we developed a biomembrane based on using CA and a hydrophilic MOF
MIL-160 for CO2 hydration in synthetic environment and at room temperature. Our study
successfully shows that membrane’s design and functionality and how these depend on the
materials characteristics used as substrates, i.e. MIL-160 high porosity and its ability to ensure a
hydrophilic environment benefiting from intrinsic ability to reduce mass transfer for both the
reactant and the product of CA-driven reaction. We further demonstrate that enzyme efficiency is
function of the geometry and morphology of the interface used for its immobilization or
entrapment and envision extension and implementation of such CA-based technology to industrial
conditions upon adopting extensive reactor design implementation.
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5.7 Supporting Information
Schematic illustration of platform for the membrane performance evaluation, illustration
of the reactor used for CO2 conversion of free CA, height profile of surface of the FDCA modified
Al2O3 (FDCA/Al2O3) and Al2O3 filters, SEM micrograph top-view of Al2O3 filter, SEM
micrograph of cross-section of FDCA/Al2O3 functinalized filter and Al2O3 filter, FTIR spectra of
FDCA, EDS mapping of the surface of Al2O3 filter and FDCA/Al2O3 functionalized filter, N2
adsorption isotherms of Al2O3 filter and MIL-160/Al2O3 hybrid, elemental composition of Al2O3
and FDCA/Al2O3 functionalized filter, mechanism of CO2 conversion by CA and CO2 conversion
of control Al2O3 and MIL-160/Al2O3 hybrid and free CA are included in this file.
Schematic illustration of the in house unit used for CO2 change evaluation
The CO2 performance evaluation platform is mainly composed of Micro GC, mass flow
controller and a membrane module. Here the Micro GC was used to monitor the concentration of
CO2 gas and any differences in the inlet and outlet of the pipeline respectively. The mass flow
reactor was used to control the gas flow while the membrane module was used to accommodate
the membrane where the reaction occurs.

Scheme S5.1. Schematic illustration of platform used for the membrane performance evaluation.
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Reactor used for the CO2 change in concentration evaluation upon exposure to free enzyme

Scheme S5.2. Illustration of the reactor used for monitoring changes in CO2 concentration
upon its interaction with a solution containing free CA.

Height profile of the FDCA modified Al2O3 (FDCA/Al2O3) filter and Al2O3 filter
The height profile of the (FDCA/Al2O3) filter and Al2O3 filter were investigated by using
atomic force microscope (AFM) as shown in Figure S5.1a and b respectively.

Figure S5.1. AFM images of FDCA/Al2O3 functionalized filter (a) and Al2O3 filter (b) with their
corresponding average height profile.
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Characterization of Al2O3 filter, FDCA /Al2O3 filter and MIL-160/Al2O3 membrane
The successful modification of Al2O3 filter (Figure S5.2a) with MOF’s linker FDCA were
confirmed by the formation of the fibers on their surface as shown in Figure S5.2b relative to Al2O3
filter (Figure S5.2c). The FTIR spectra of FDCA in Figure S5.2d was used as the control of the
study of chemical composition of the FDCA/Al2O3 filter. EDS mapping of the Al2O3 filter (Figure
S5.2e) and FDCA/Al2O3 filter (Figure S5.2f) were investigated to determine their elemental
composition. N2 adsorption isotherm of Al2O3 filters and MIL-160/Al2O3 membranes (Figure
S5.2g).

Figure S5.2. SEM micrograph, top-view of the Al2O3 filter (a); SEM micrograph of crosssection of FDCA/Al2O3 functionalized filter (b); and Al2O3 filter (c); FTIR spectra of FDCA (d);
EDS mapping of the Al2O3 filter (e) and FDCA/Al2O3 functionalized filter (f); and N2 adsorption
isotherms of Al2O3 filter and MIL-160/Al2O3 hybrid (g).
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Elemental composite of Al2O3 and FDCA/Al2O3 functionalized filter
The functionalized with FDCA of the Al2O3 filter was confirmed by elemental composition
analysis included in Table S5.1.

Table S5.1. Element concentration analysis of Al2O3 and FDCA/Al2O3 membrane by EDS
sample
Al2O3

FDCA/Al2O3

Element
CK
OK
Al K
CK
OK
Al K

Atomic concentration (%)
8.59±0.36
37.48±0.19
53.93±0.21
12.45±0.08
44.45±0.11
43.11±0.09

FTIR analysis of immobilized CA and controls
The successful immobilization of CA onto MIL-160/Al2O3 hybrids and Al2O3 filters was
confirmed by evaluations of changes in chemical compositions of such samples relative to controls.
Analysis were performed in triplicates.

Figure S5.3. FTIR spectra of CA and CA-based interfaces.
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Previously established mechanism of CO2 conversion by CA
The mechanism of CO2 adsorption was previously described; the published report showed
that such substrate bindings to the CA hydrophobic pocket near the Zn2 ions to subsequently lead
to a Zn-coordinated transformation of the bound CO2 into bicarbonate followed by the direct
release of such product into the media (Equations S5.1-3).

CO2 adsorption at control Al2O3 filters or MIL-160/Al2O3 hybrids or by free CA
Pure Al2O3 filters and MIL-160/Al2O3 hybrids showed no CO2 adsorption (Figure S5.4a
and b). The CO2 adsorption by free CA in water is shown in Figure S5.4c.

Figure S5.4. CO2 adsorption at the Al2O3 filter (a), MIL-160/Al2O3 hybrid (b) and by the
free CA in deionized water (c).
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Conclusions and Significance of The Work
Driven by the rapid industrialization and reliance on fossil energy, as well as the
environmental and socio-economic issues, current global efforts are calling for finding novel
consumption and production ways that could ensure sustainable development of “green
technologies”, i.e., technologies that aim to reduce the impact of human activities, greenhouses
footprint and their logistical impact on climate and the environment. Based on such considerations
there are currently worldwide efforts and initiates that aim to define sustainable research pathways
and find subsequent implementation strategies of user-developed technologies to mitigate and/or
reduce anthropogenic impacts.
In the context listed above, the significance of the work presented in this thesis is
multifaced. First, it allows discovery of novel mechanisms and strategies to help reduce human
impacts and environmental exposures and secondly, it advances the field of biocatalysis for
environmental sustainability. Specifically, the research presented allowed identification of novel
strategies for effective control and regulation of pollutants such as nitrophenols release and
possible reduction in their environmental deposition. Moreover, the work performed herein
allowed identification of viable bio-mimetic technology based on enzyme with the potential to
reduce carbon dioxide emissions and the E-factor of a chemical process, where the E-factor is
defined as the weight ratio of waste generated to product being formed. Lastly, the work described
facilitated training of the PhD graduate and several undergraduate students by allowing
implementation of interdisciplinary, alternative and complementary technologies, as well as the
expansion of individual disciplines (e.g., materials science, biotechnology, chemical engineering
etc.), all while also serving as a breakthrough in current research in environmental and energy
sustainability.
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